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ABSTRACT

This study presents a novel approach to harmonic compensation in three-
phase grid-connected voltage source converters (VSCs), addressing challenges
presented by grid voltage distortion and frequency variations. It introduces an
advanced simulation method within the MATLAB/Simulink environment that
accurately replicates the functionality of discrete-time controlled grid-connected
VSCs. This method employs switched-circuit modeling for simulating the power
stage in the continuous-time domain, seamlessly integrating with the physical unit
scale. The control algorithm, formulated in a MATLAB function on a per-unit scale,
is efficiently convertible into C language for deployment on a 32-bit C2000 DSP
controller, ensuring uniformity in the parameters of the regulators. Extensive testing
of this methodology utilized both a hardware-in-the-loop real-time simulator and a 5-
KV A three-phase LCL-filtered grid-connected VSC. This included the application of a
discrete-time control scheme within the synchronous reference frame. The study
explores the effectiveness of Proportional-Integral plus Multi-Resonant (PIMR)

controllers in mitigating high-order harmonic currents by employing harmonic



compensators at the 6th and 12th harmonic orders. This strategy focuses on
minimizing grid voltage harmonic orders 5th, 7th, 11th, and 13th, achieving a total
harmonic distortion (THD) of 4.69%. Implemented on a TMS320F28379D digital
signal processor, the PIMR controller demonstrated enhanced performance over the
traditional Multiple Synchronous Reference Frame (PIMSR) controller. It achieved
significant harmonic rejection in the grid current, with a THD nearing 1% aligning

with the IEEE 1547 standard and realizing a 35% reduction in computational time.
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CHAPTER |

INTRODUCTION

Background and Motivation

In recent years, research has focused on distributed generation (DG) systems,
powered by renewable energy sources, such as micro-hydro turbines, hydrogen fuel
cells, photovoltaics, wind turbines, etc., due to the limited fossil fuels. Meanwhile,
fossil fuels are the main energy supplier of the worldwide economy, but the
recognition of them as being a major cause of environmental problems and also
causing climate change problems is caused by greenhouse gas emissions from
industry and transportation. Moreover, the increasing demand for energy can create
problems for the grid, such as grid stability, power quality, and even outages. The
necessity of producing more energy, combined with the interest in clean technologies,

yields increased development of power distribution systems using renewable energy
[1].

Furthermore, responding to environmental problems in terms of energy
consumption, there is a noticeable increase in electric vehicles (EVs), such as plug-in
hybrid EVs (PHEVs) and battery EVs (BEVS). It needs charging from the grid, which
will result in increased energy consumption [2, 3]. The voltage source converter
(VSC) is an important part of bringing different clean energy sources into the power
grid. It can convert energy from direct current to alternating power or vice versa. For
example, in an application on battery energy storage systems (BESS), a battery
inverter can send direct current power from the battery to the grid. On the other hand,
it can receive the energy from the grid to flow into the battery. With both modes

operating without any changes in hardware components [4, 5].

In Figure 1, a low-voltage power grid system is shown, which consists of a
distributed transformer connected between the medium-voltage and low-voltage sides.
The nonlinear loads are connected to the point of common coupling (PCC), which
injects harmonic current into the grid. Therefore, if the low voltage power grid system



has a high harmonic current, it will affect the voltage, resulting in high distortion.
This effect will be more intense if the position of the nonlinear load is very far from

the distributed transformer due to the high grid impedance [6, 7].
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Figure 1 The general structure of the VSC used in the low-voltage grid system.

Together, In the present, the photovoltaic grid-connected inverter is the most
commonly used distributed power generation systems [8]. It is used as a part in homes
and offices, including the hybrid inverter, which has a battery for backup power.
Meanwhile, EVs are becoming increasingly active, resulting in big loads on the power
grid. Moreover, level 3 charging stations are DC voltage fast mode charging, which
consumes a lot of power in the power grid system [9]. These have a voltage source
converter (VSC) as the main component, which can convert power between the power
grid and load by maintaining the good properties of AC and DC power.

However, if the power grid has harmonic voltage distortion caused by the
nonlinear loads injecting harmonic current into the grid [10]. The VSC without
harmonic compensations (HCs) will create a high-order harmonic current when
connected to the grid voltage distortion[11]. It is seen in Figure 2. that the grid current
is significantly distorted by the grid voltage harmonics. The HCs for the VSC under

distorted grid voltage are still essential for research. In order to improve the quality of



the grid current waveform to be consistent with grid standards such as IEEE 1547-

2018 [12] which specifies the limit in each harmonic order.

The harmonic compensations (HCs) are controlled by a controlled by a
parallel controller in the current control loop. Some research offers methods to solve
high-order harmonic current problems. All the same, the aim was to mitigate
harmonic current while the VSC was connected to the grid voltage. Moreover, the
injected harmonic current is caused by the dead time in the IGBT or MOSFET switch
of the VSC [13]. The proportional resonance controller (PR controller) was widely
used to eliminate harmonic currents [6, 13-18] where the PR controller was used to
attain zero steady-state error [19]. The PR controllers are used for the control of both
the single-phase system [20, 21] and the three-phase system [22]. Also, the PR
controller was used in parallel on the stationary frame (ap — axis) [23] and the
synchronous frame or called rotating referent frame (dg-axis) [14]. Meanwhile, the
injected harmonic current will be responding to grid frequency adaptability while the
current control loop contains the HCs. Therefore, the harmonic current has a high-
order harmonic current when the frequency moves away from the nominal grid

frequency [23].

As a result, this study explained the VSC's mitigation harmonic current when
connected to the grid, as well as analyzed and evaluated the performance of the HCs
in each technique under grid voltage distortion. Also, to analyze and construct the
prototype of a two-level three-phase VSC using an LCL filter. The goal is to develop
a suitable technique for removing harmonic currents. Then this study presented the

simulation results and experimental results to confirm the concepts.
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Figure 2 Grid current waveforms under a distorted grid voltage condition.

Objectives of the study
1) Design and construction of a two-level voltage source converter connected
to the grid with an LCL filter.
2) To develop a grid current control scheme for harmonic mitigation under

grid voltage distortion.

3) To evaluate the harmonic compensations (HCs) in each technique under

grid voltage distortion.

Scope of the Study
1) The two-level voltage source converter has the following characteristic as
Table 1.
2) The two-level VSC can be maintained when the grid is weak, such as
harmonic of grid voltage.
3) The two-level VSC contained harmonic compensations (HCs) in the grid
current control loop under IEEE 1547-2018 requirement.

4) The two-level VSC can be controlled the bi-directional power flow.



5) The diagram scope of the two-level voltage source inverter in this research

is shown in Figure 3.
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Figure 3 Three-phase grid-connected two-level voltage source converter with an
LCL filter and control scheme.



Table 1 The two-level voltage source converter parameter.

Symbol Parameters Values
£ Nominal Grid Voltage 220/380 V

fo Nominal Grid frequency 50 Hz

Prgted Rated Power 5 kW

g Rated AC Current 7.59 A

Ve Nominal DC Bus Voltage 650 V

fow Switching Frequency 10 kHz

fs Sampling Frequency 20 kHz

PWM Technique Space Vector PWM
Filter type LCL
Benefits of the Study
1) The VSC can be maintained when the grid voltage has high distortion,

2)

3)

4)

5)

6)

7)

while the grid current has low distortion.

In a microgrid system, the grid current distortion remains low even when
there is a variation in grid frequency.

Active and reactive power can be exchanged from or to the grid according
to the necessity of the grid voltage.

The grid voltage profile can be improved with the proper injection of
active power from renewable energy sources or storage devices, or without
anything.

Implementing an effective control strategy for VSC and LCL parameters
can significantly reduce grid current and grid voltage ripples. This also
contributes to enhancing the power factor of the grid.

The current and voltage harmonics have been sufficiently decreased within
the limitations specified by international standards, resulting in a low total
harmonic distortion (THD).

The VSC is an important infrastructure of the smart grid system because it

can control the grid's power flow to ensure proper energy management.



CHAPTER II

LITERATURE REVIEW

Review of related articles

The VSC is usually controlled to feed currents with low-order harmonics in
compliance with standards such as IEEE 1547-2018 [12]. However, grid voltage
harmonics are the disturbances of the VSC’s grid current control loop, which distort
the VSC currents injected into the grid. Furthermore, the grid current harmonics
become more pronounced when the frequency deviates from the nominal grid
frequency [23, 24]. Thus, harmonic current (HC) controllers with a frequency
adaptation capability are essential for the VSC operated under grid voltage distortion.
Proportional—integral (PI) regulators implemented on the synchronous reference
frame are widely employed in the VSC current control thanks to the zero-steady state
error, power decoupled capability, and adaptation with the inherent grid frequency
through the axis transformations [15, 17, 25, 26]. However, the grid current
waveforms distort when the grid voltages contain harmonic components. Therefore,
integral regulators on the multiple synchronous reference frames at selective harmonic
frequencies implemented in parallel with the fundamental controller successfully
attenuate the grid voltage harmonics [27, 28]. This multiple synchronous reference
frame control is herein called the PIMSR control, which has been reported in the
active power filter [27, 29-33], grid-forming inverter [34], and grid-connected inverter
applications [35, 36]. However, the PIMSR control requires a large number of axis
transformations, which poses a heavy computational burden on a digital signal
processor (DSP) [27, 35]. Proportional-resonant (PR) regulators implemented on the
stationary reference frame are also widely employed in the VSC current control loop,
which provides a zero steady-state error [14, 37-39]. The PR controllers are used for
the control of both the single-phase system and the three-phase system [6, 14, 23].
This stationary frame PR control demands a low computation resource. The PR
regulator has to be implemented with a damping coefficient to maintain the control

performance with the variable grid frequency [40]. Therefore, the resonant regulator
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with the double integrator structure is adopted to adapt the resonant frequency with
the grid frequency employing the estimated frequency from the phased-locked loop
(PLL) [41-43]. However, the current components in the stationary frame with the PR
control lack the instantaneous active and reactive power extraction capability, which
requires an additional power calculation scheme. Selective harmonic mitigation is
achieved by adding multiple resonant controllers in parallel with the fundamental
component controller, which is herein called the proportional-multiple-resonant
(PMR) controller. A repetitive controller (RC) based on the internal model principle is
another stationary reference frame controller suitable for periodic signals. The RC
controller is equivalent to a set of multiple resonant regulators, which has been
applied for the single-phase and three-phase VSCs [13, 23, 44]. However, frequency
adaptation capability is the main drawback of the RC regulator. Therefore,
complicated measures such as multi-rate sampling techniques or using Lagrange
interpolating-polynomial-based filters have been proposed for the RC regulator [23].

Proportional—integral plus multi-resonant (PIMR) controllers implemented on
the synchronous reference frame were proposed in [14]. The PI controllers in the dg-
frame regulate the fundamental component currents. Meanwhile, the harmonic
components (1+4) in the stationary reference frame are translated to orders £/ in the
synchronous reference frame, where 2 = 6, 12, - - -. Each resonant controller regulates
the input signal both in the positive and negative sequences. Therefore, the PIMR
control scheme employs a smaller number of resonant regulators than the PMR
scheme on the stationary reference frame. Moreover, the power decoupling property
is preserved due to the implementation in the synchronous reference frame. The
frequency adaptation capability is also maintained if the resonant controllers are
implemented with the double-integrator structure.

Liu et al. have proposed a solution for the weak grid in a micro-grid power
system, where the background harmonic voltage (BHV) may distort the injected
currents of the grid-tied inverters. They have presented a single-loop current control
with the active damping (AD) method, a PR+HC regulator, and a hybrid damper. Liu
et al. have proposed a solution for the weak grid in a micro-grid power system, where
the background harmonic voltage (BHV) may distort the injected currents of the grid-

tied inverters. They have presented a single-loop current control with the active
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damping (AD) method, a PR+HC regulator, and a hybrid damper. This scheme is
depicted in Figure 4. They have shown their work on single-phase LCL- or LLCL-
filter-based grid-tied inverters. Experiments on a 2-kW prototype [16]. But this
method is complicated because it adds a notch filter in the current control loop as well

as an extra damper inserted to keep the system stable.

Digital

I

ig

Notch Filter : | - l.m(_ (s)
Hnarch (S} |

Unipolar Modulator

Figure 4 The single-loop current control with active damping (AD) method,

PR+HC regulator, and a hybrid damper [16].

Shen et al., have presented a feedback method for PR current control of LCL-
filter-based grid-connected inverter that measured the currents of two inductors of the
an LCL-filter and the weighted average value of the currents for the current PR
regulator. They named this method “the weighted average of the inverter current and
the grid current” (WAC). Therefore, the control system is reduced from a third-order
function to a first-order one. A large proportional control-loop gain can be chosen to
obtain a wide control-loop bandwidth, and the system can be optimized easily for
minimum current harmonic distortions, as well as system stability. The inverter
system with the proposed controller is investigated and compared with those using
traditional control methods. Experimental results on a 5-kW fuel-cell inverter is
provided [20]. But if used in this method, the current injected into the grid cannot be
directly regulated because the current control loop will not receive a direct current

signal from the sensor. Which may cause the current to be highly distorted.
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Figure 5 The weighted average of the inverter current and the grid current [20].

Xin et al. have presented mitigation of grid-current distortion for an LCL-
filtered voltage-source inverter with inverter-current feedback (ICF) control. With
their system consisting of the HCs used as PR controllers, the inverter-current

feedback controller is in @S- frame. The highlight of their work, the capacitor current
can be measured via capacitor voltage and controlled by the resonant HCs controllers.

To compensate for the current distortion due to the grid-voltage distortion. It is shown
in Figure 6. Also, they explained the problems caused by harmonic voltage distortion,
which causes high current distortion when used grid current feedback control[11].
This research is complicated due to not possible to eliminate distorted currents
directly. Consequently, the grid currents still have minor distortion.

Milczarek et al. have presented effective and simple control of a grid-
connected three-phase converter operating at a strongly distorted voltage. They have
proposed ways to mitigate grid current distortions caused by grid-voltage harmonics.
They used the notch filtered grid voltage as a feedforward to compensate for the

output of the current control loop at the stationary frame (af- frame) [45]. The

scheme of their work has been shown in Figure 7. The following methods can not
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eliminate harmonic current cleanly. As it does not eliminate the current directly in the
current control loop.
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Figure 6 Three-phase VSC with the capacitor current compensation in the

resonant HCs controllers[11].
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Figure 7 The notch filtered grid voltage feedforward is used to compensate for

the output of the current control loop at the stationary frame [45].

This work evaluates the implementation and control performance of the PIMR
controllers on the synchronous reference frame for current control of the three-phase
grid-connected LCL-filtered VSC under grid voltage distortion and grid frequency
variation, as shown in Figure 3. Controller design, stability analysis, and discrete-time
implementation are elaborated. The PIMR control scheme was compared with the
conventional PIMSR control method. The two control schemes were both
implemented on a 32-bit TMS320F28379D microcontroller. The computational
burdens of the two control schemes on the TMS320F28379D microcontroller were
estimated. A hardware-in-the-loop (HiL) real-time simulator and a 5-kVA insulated-
gate bipolar transistor (IGBT) VSC validated the performance of the PIMR and
PIMSR control systems.



CHAPTER Il

THREE-PHASE GRID-CONNECTED LCL-FILTERED VSC

Modeling of the LCL-filtered VSC

Switched circuit modeling of the power circuit

Figure 8 displays the equivalent circuit of the VSC. Resistors R, and R, are the
winding resistance of the inductors L; and L,. Resistors Ry are the equivalent series
resistance of the capacitors Cr plus the series damping resistance of the LCL filter.
Resistor Ry, is the effective DC bus capacitance of the DC bus voltage sensor and the
discharging resistor. The semiconductor switches are represented by switches S,, S,
and S.. The status of each switch is represented by “1” for the closed state and “0” for
the opened state. The complementary switches S,, S,,, and S, operate opposite S,, S,
and S.. Therefore, there are 8 possible output states of the VSC. There are 3 reference
points: m, n, and o. The DC bus current i, is supplied or drawn by another converter

which is positive for the inverting mode and negative for the rectifying mode.

Figure 8 Equivalent circuit of the 3-phase grid-connected VSC with the LCL
filter.

The grid currents iyq, iy, and ig. can be written as follows
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di )
ga ,
2 W = (UFa,m + vmn) — Vgan — R, lga
di
gb .
2 W = (va,m + 17mn) — Vgbn — Rzlgb ( (1)
di
gc ,
2 W = (UFC,m + vmn) — Vgen — R, lgc )

Where vpg m, Vppm and vg. ., are the voltages across the filter capacitor Cr and the
series resistor Ry with respect to point m, which are given by

Vram = Vcfa + Rf(iga — l1q)
Veb,m = Vepp + Re(igp — i1p) (2
VEem = Vefpe + Rf(igc — ir¢)

The voltages across the filter capacitor Cr, v¢rq, Vepp and veg are determined from

dvcfa . o)
f =lga — lia
dt

dvesp :
T =lgp —

dvcfc g !
Cf7= lge = lc |

3)

~~

The VSC currents i;,, i, and i;. are given by
dijg
bdt
dipp .
Ly IS (Vibo + Vom) = Vepm — Rainp \ (4)

Vib,m

\
= (vla,o il vom) — Vram — Riifq
—_— (VA

VIia,m

dilc 7
Ly dt = (vlc,o + vom) — Vre,m — Ryl
Sl BN

Vic,m Y,

where the VSC voltages v;, ,, v, and vy, With respect to point o depends on the

switching states as follows
Via,o = SaVp

Vib,o = SpUp (5)
Vico = Scvp

For the balanced 3-phase 3-wire system, vy, + Vgpn + Vgen = 0, Vegm + Vipm +
vFC’m = O, iga + igb + igc =0 and ila + i]b + iIC = 0, Wthh reSU|tS |n
Vmn =0 (6)

Thus, the grid currents can be written as follows
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di
ga
2 g T Vram — VYgan — R2lga
di
gb .
2 dt = Vrbm — Vgbn — Rzlgb > (7)
dig.

2 W = Vre;m — VYgen — RZigCJ
Adding the sub-equations of (4) together, the common mode voltage v,,, is expressed

as
Up
Vom = — ? (Sa + S, + Sc) (8)

This common-mode voltage v,,,,, intrinsically exists in the 2-level VSC due to limited
switching states, which creates a leakage current through the parasitic capacitance
between the DC bus and the neutral points of the system. The VSC currents i;,, i;p,
and i;. are driven by the differential mode voltages v;q p, Vipm, and vy, between
the VSC legs and the neutral point m of the capacitor bank, which can be written as

\

dig ;
Ll W = UD(ZSa o Sb IC SC)/3 + UFc,m - Rllla
Viam
dilb 7
L17= vD(ZSb —Sa _SC)/3+va'm_R1L1b ;. (9)
Vib,m
di. ;
Ly dt N\ vD(ZSC —Sqa— Sc)/3 + Vpem — Ryijc
Vie,m 3
The VSC DC current i, is written as
iD N iIaSa + iIbSb G iICSC' (10)

If the DC bus is connected to another converter buffered by the DC bus capacitor Cp,
the DC bus voltage v, is then modeled as

dvp . . Up
CDW=lO—1D—E. (ll)

Figure 9(a) displays the VSC and LCL filter model developed in the
MATLAB/Simulink environment, where (2), (3), (7), (9), and (10) are implemented.
This model is valid for the DC bus voltage is greater than the peak value of the line-
to-line grid voltage V,;. The signal EN is used for the enable (EN = 1) and disable
(EN = 0) VSC operation. If the VSC is disabled and v, > V,;, the VSC currents i,
i;p, and i, are kept reset at zero. Meanwhile, the grid currents iy, igp, and ig.

circulate through L,, R,, Cf, and Ry. At the enable time tgy, the switching signals S,
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Sy, and S, are enabled and the VSC is fully operated. Figure 9(b) shows the
MATLAB/Simulink model of the DC bus voltage v, in (11), which is kept reset
while the VSC is disabled. For the single-stage topology where the VSC is connected

to a constant voltage source, the DC bus voltage equation in (10) is neglected.

Grid voltages

____________________ 1,m

Equation {17) vy, [ ] qua?.cTns_Io_a_nE IF’IIT'
’—’

(2*ulTFulZFulE]vs

DC bus voltage
>
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I
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Figure 9 MATLAB/Simulink model: (a) the VSC and LCL filter, (b) the DC bus
voltage

Averaged circuit modeling

The frequency response of the LCL filter below its resonant frequency is similar
to that of the L filter [46]. Moreover, the control bandwidth is selected below the
resonant frequency of the LCL filter. Thus, the LCL filter can be approximated as the

L filter for design of the current controller. The grid currents can be simplified as
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dige ] )
L. W + Rtlga = Vian — Vgan
di
gb .
L W + Rtlgb = Vibn — Vgbn ¢ (12)
di
gc ,
Lt_t + Rtlgc = Vien — Vgen )
,where L, = L; + L,, R = R, + R,. The VSC voltages are written by
Vran Via,m
Vibn| = |Vibm| + U (13)
vlc,n vlc,m

According to (6) v,,, = 0, the grid currents in (12) become

digy > )
Ly W + Rtlga = Viam — Vgan
di
gb .
Ly W + Rtlgb = Vibm — Vgbn (- (14)
di
gc ,
L W + Rtlgc = Vie,m — Vgen

The variables in (14) are averaged over a sampling period Ty = f; for continuous-

time domain approximation, which becomes

iy,

Lt Zi ) e Rt(iga) = <771a,m> - <Uga,n>w
di

Lt (;gtb> + Rt<igb) = (vlb,m> - <Ugb,n) ( (15)
d<igc> p

Lt T + Rt(Lgc) = (vlc,m> 5 (vgc,n> )

where the brackets ‘( )’ represent the variables averaged over Ty. Equation (15) is
scaled into the per-unit scale using the base voltage V; = IzZ5 where I is the base

current and Zj is the base impedance, which yields

! d<i, > 1/ ! 4 \
Lt dia + Rt(lga) = <v1a,m> - (vga,n>
digp) y , ,
L,t di + R£<lgb) = (vlb,m> - (vgb,n) ( (16)
dfigc) y , :
L’t dic + R{“(lgc) = <vlc,m> - <Ugc,n>J



20

where symbols ¢ ' * denotes variables in the per-unit scale, and L, = L,/Zg and R; =
R:/Zg. The grid currents in (16) are transformed to the synchronous reference frame,

dq axes, which results in

/ d(i, ) 1)1 ! (7! ey
Ly —2% + Riigq) = (vig) — Uy + wLi igy)
i Kew . (17)
! 949 IyEL _ /; ARy
Lt dt + Rt(’vgq) - (v1q> + th (lgd>
Krw

Figure 10 shows the equivalent control block diagram of the grid current in the
synchronous reference frame with the per-unit scale. Notes that the cross-coupling
terms Kpy = wl} are due to the Park transformation, which can be decoupled in the
control scheme. The delay terms e~5Td represent the sampling delay caused by the
digital control scheme and the transport delay caused by the PWM process, where
T, = T, for the double update rate PWM shown in Figure 16 [47].

Pl controllers with e .
- decoupled terms VSC & SVM Simplified LCL filter—»
0

g Ry |

Lyd ref X — K |AVia _ Vidrer vg Y- ¥- |1 lga
e 5T —_— >

sL,

wl,;

Lgq ref

y , ' l',
lgd,ref: lgq ref KiI T, 1 gd tgq
Kp! +— » € —r |l e >
i S = j
R,

Figure 10 Equivalent block diagram of the grid current in the synchronous

reference frame.
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Analysis of LCL-filter

The power circuit of a three-phase two-level voltage source converter with an
LCL filter is shown in Figure 8. The ac side of the converter is connected to the point
of common coupling (PCC) via an LCL filter. Its equivalent single-phase circuit with
resistive parasitic is shown in Figure 11(a), where v, is the converter voltage, v, is
the PCC voltage and v, is the grid voltage, i; is converter current and i, is grid
current. The converter side inductor L, grid side inductor L, and filter capacitor C¢
are components of the LCL filter. Also, R;, R, and Ry are the parasitic resistance of
the LCL filter, L, and R, are the parasitic impedance of the gird, which depends on

the distance between the converter and the source as well as the cable size has a direct
effect on the parasitic resistance of the gird.

L1 R1 i| ig L2 Rz Lg Rg

& |
Vb
VSC LCL Filter
(a)
" 1 i| 2 1 1 ig
—> +R > >
f-’ sL, + R, sC, T-' s(L, + L)+ (R, +R,)
9
(b)

Figure 11 (a) The single-phase equivalent circuit of the LCL filter. (b) Open-loop
block diagram of the LCL filter.

ig(s) 1 B 1 w?o,
vi(s)  LiLyCrs3 4 (Ly+Ly)s  (Ly+Ly)s s+ whgy

’ L+ L,
= |— 19
WrcL L+ LZCf (19)

Gren(s) = (18)

which is

or
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1 ,L1+L2
= |— = 20
fict 2m Ly + L,Cr (20)

where w;c., and fic. are the resonance angular and resonance frequency,
respectively. From (18) are the transfer functions of the LCL filter from the converter
voltage to the grid current, which neglect the parasitic resistance and damping
resistance, and can find the resonance angular and frequency from (19) and (20). And

if considered, the parasitic resistance and damping resistance can be written as (21)

() 1+ CoR;
Vi) LiLhCps? + Cp(LyRy + LyRy + LeRy)s? + (Le + Cr(RiRy + RyR,) ) s + R,

(21)

where R =R, + R;, R =R; + Ry + Ry, Ly =Ly + Lgand Ly = Ly + L, + Lg.

The frequency response of the LCL filter is illustrated in Figure 12. It has
shown a different LCL parameter with damping (21) and without damping (18). The
resonance frequency f, ., of both is equal, and the high-frequency attenuation slope is
the same value (—60 dB/dec). But the LCL parameter without damping has a higher
resonance peak than the LCL parameter with damping, and the slop at low-frequency

range is different.
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Figure 12 The frequency response of the LCL filter
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Figure 13. depicts the behavior of the LCL filter when varying grid resistance
Rg. It directly affects the resonance peak and the resonance frequency is not changing.
But the high-frequency attenuation slope may change if the grid resistance has a large

value and the resonance frequency may converge into the unstable region (f.c, <

fs/6) [21, 48-50], where f; is the sampling frequency.

Meanwhile, when changing the grid inductance of the LCL filter that is shown
in Figure 14. The high-frequency attenuation slope is unaffected but the resonance
frequency has changed if the grid inductance has a large value, it will cause the
resonance frequency may converge into the unstable region (fic. < fs/6). The

parameter of the LCL filter in Figure 12., Figure 13. and Figure 14. shown in Table 2.

Table 2 The parameter of LCL filter

Parameters Values Parameters Values

Converter -side inductance, L; 1.4 mH  Winding resistance, R;  0.11 Q

Grid-side inductor, L, 0.72mH  Winding resistance, R,  0.042 Q
Grid inductance, L 1mH Grid resistance, R, 1Q
filter capacitor, Cr 1.94 uF  Series resistance Ry 0.001 Q

Resonance frequency, ficL. 4.95kHz  f;c with grid parameter  5.17 kHz
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Figure 13 Bode plot of LCL-filters under different grid resistance
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Figure 14 Bode plot of LCL-filters under different grid inductance

Grid voltage distortion

The distorted grid voltages v, v4), and vy, are provided as follows:
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n
Vga(t) = Vi cosf + z Vi cos h6
n

"

vy () = V, cos(8 — 2m/3) + Z 7, cosh(6 — 21/3) 22)
h

n
Vye(t) = Vycos(8 + 2m/3) + Z 7, cos h(6 + 21/3)
I J

where 6 = wyt and wy is the grid frequency. The three-phase three-wire (3P3W)
system contains the harmonic orders h = 5,7,11,13, ... . Additional information is
described in Appendix I. A phase-locked loop (PLL) is used to estimate the grid
voltage angle @ for the reference frame transformation. Simultaneously, it provides
the peak value of the grid voltage I?g. The grid voltage in the stationary reference

frame is obtained from
_ ) 2 2 1
Vap = Vga + JjVgp = §(vga +vgpe’3 +ug,e )3 ) (23)

Note that the zero sequence is neglected for the balanced system. Substituting (22)

into (23), the grid voltage can be represented as
Bop = 0y + Ve 50 + 0,eI70 4 P, e 110 4 P ,e130 4 ... (24)
Thus, the grid voltage in the synchronous reference frame is given by
Bag = Dape ™0 = Uy + Vse 10 + 0,150 4 ) 6711260 4 1, 0/120 4 ... (25)

The voltage harmonic orders +h = 6,12, --- in the synchronous reference frame result
from the harmonic orders (h + 1) in the stationary reference frame, which become the

disturbances of the dg-axes current control loops.

The control of the VSC in discrete-time domain

The synchronous reference frame control is shown in Figure 15, which
illustrates an LCL-filtered three-phase grid-connected voltage source converter. The
voltages and currents from the power grid, as well as the voltage across DC bus, are

converted from analog to digital format. Analog-to-digital (A/D) converters provide
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this conversion. The digital values are modeled in simulations using zero-order hold
(ZOH) blocks after conversion. The voltages are adjusted to the per-unit system using
a scaling factor Ky, while the currents are adjusted using a scaling factor Kg;.

The grid currents are converted to the synchronous reference frame, where the
dg-axes current iéd and iz, are controlled by discrete-time current controllers G;(z).
The reference current ig, .., is determined by the active power control loop and/or
the DC bus voltage control loop, while the reference current ig, ... is derived from

the reactive power control loop or set to zero for a unity power factor.

Power Stage: Continuous time domain with physical units

Gate Driver

bA_ AN

'ST:Sb Sb SL‘ -ST,

Compare Unit -F/\/\/\

P Control
and/or

[
I
[
I
I
I
I vp Control
I
I
[
I
I
I

@ Control

Control System and PWM: Discrete time domain with per unit systems
Figure 15 Three-phase grid-connected LCL-filtered VSC with the discrete-time
control scheme in the synchronous reference frame
The outputs of the dg-axes current controllers with feedforward of the
decoupled terms Kpy,, form the VSC reference voltages vy ., and v .., which are
converted to the stationary reference frame vy .., and vg .. Using the inverse Park

transformation given by

- _ . _ . 0
Utlxﬂ,ref - (vt,x,ref +]vé,ref) - (véi,ref _I_]vc,],ref) -elv. (26)
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The reference voltages vy .., and vg ..., are the inputs for the space vector

modulation (SVM) which calculates the duty ratios d,, d, and d. for the compare
unit to generate the VSC switching commands. The control scheme in Figure 15 is
normally implemented on a DSP, and it must be executed within an interrupt service
routine (ISR). Figure 16 illustrates the timing diagram of each ISR, which starts when
the PWM carrier reaches zeros or the maxima. The analog signal sampling is
synchronized with the ISR at time instance k that occurs in the middle of the
switching action to avoid switching noise. This requires a small filtering effort for
each signal, which enhances the control loop bandwidth. The analog-to-digital (A/D)
conversion and scaling, and the PLL are executed every ISR. If the VSC operation is
enabled, the other VSC control algorithms are performed; otherwise, they are skipped
to the end of the ISR. The control scheme is executed within the sampling period T,
and the calculated duty ratios d,(k), d,(k), and d.(k) are updated to the compare

unit at the next time instance k + 1.

- A/D conversion and scaling |

- PLL 1
- abc-dg axes transformation
- DC Bus voltage control

- Reactive power control

- dg-axes current control

- dg-aB axes transformation
- Space vector modulation

- Duty ratios updating

Control Control ! Control —____| Control

algorithm algorithm ‘algorithm ‘algorithm
d (k+2)

igalk+1)
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Figure 16 Timing diagram and control sequence of the VSC discrete-time

control.
Simulation Structure

Figure 17 shows the simulation model developed in the MATLAB/Simulink
environment. The simulation model emulates the experimental system, which is
divided into two sections: the continuous-time domain and the discrete-time domain.
The continuous-time domain represents the three-phase grid and the VSC power
circuits with the switching signals S,, S;, and S, as the inputs, where the switched-
circuit model of the VSC and the LCL filter shown in Figure 9a are adopted. The
single-stage topology is considered in this study, where the DC bus voltage is
supplied by a constant voltage source V,. The DC bus model in Figure 7b is
neglected.

The discrete-time domain section emulates the control scheme depicted in

Figure 3. The grid voltages v,, and v, and grid currents iy, and iy, are scaled by

the base voltage /5 and base current I5. Then, they are sampled by the ZOHs at the
time instance k with the period of T,. This process represents the beginning of each
ISR as shown in Figure 5. The discrete-time algorithms for PLL, reference frame
transformations, dg-axes current control, and the continuous SVM [51] are written in
a MATLAB m file, which is executed every sampling period T, by the interpreted
MATLAB function block as shown in Figurel0. The outputs of this interpreted
MATLAB function block are the duty ratios d,(k), d,(k), and d.(k), which are
delayed by Ty. This causes the duty ratios d,(k), d,(k), and d.(k) to be updated at
the time instance k + 1 to compare with the triangular waveform. This waveform has
the switching period T,, similar to that in Figure 5, which emulates the PWM process
in the DSP. Thus, the controller parameters used in the simulation can be directly
transferred to the experimental system if they use the same base units. The variable-
step solver ODE45 with the maximum step size of T, /400 = 125 ns was selected in
the Simulink setting. The proposed simulation model developed in the
MATLAB/Simulink 2020b is provided in [52].
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Figure 17 MATLAB/Simulink model of the discrete-time controlled 3-phase
grid-connected VSC.

Discrete-Time Control Scheme

Figure 18 shows the Park-based PLL the discrete-time domain used for grid

synchronization. The grid voltages vg,, v,

gb» and vy are transformed to the af axes

using the Clarke transformation. The Park transformation converts the grid voltages to
the dq axes, vy, and vg,, which are cleaned by the low-pass filters with the constant
Ty, for the distorted grid voltage. The integrator with a gain of the nominal grid
frequency wg,, estimates the grid voltage angle 6 for the Park transformation. The PI
controller regulates the g-axis voltage vy, toward zero, which forces 0=0,0 =
0/Wgy , aNd Vggp = ;. The loop regulator is designed in the continuous-time domain

using the symmetrical optimum (SO) method [53]. For simplicity, the low-pass filters
and the PI regulators are discretized using the backward difference approximation
because the sampling frequency is much greater than the PLL bandwidth. The

coefficient for the low-pass filters in the discrete-time domain is given by
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Ts

Aprp, = 7 27
PLL = T T, (27)

The saturation limit on the PI regulator output with an anti-windup is
implemented through the correction gain K.p;; which is usually twice the integral
gain K;p;; [54]. Meanwhile, the integrator for estimation of the grid voltage angle 8 is
discretized with the Tustin approximation with the lowest error. The estimated angle

0 is then used for the axis transformations.

N
| AppL | Vgar

157°% |ow-pass filter

- W
— > 9
aE 1-(A—ap)z || Jxt+yt —
Vga | :
, : | | e — o — e —_—— )
Vga—> abc /1%, [ap : | I( | Integrator
— . : i . _ 5
vfi”_» s 1P| / aq Yoa |, Lﬂ :VWfI : w , L1tz ! »!
9¢ v || 1A —apy)z | | | g 21—2z71
— ] P | |
|
| |
| |
|
|

L]

R e — . A "~ 1] /
PI Controller Gep 1 (2)

Figure 18 Park-based phase-locked loop in the discrete-time domain for grid

synchronization.
Implementations

Figure 19 illustrates the experimental system. The power circuit was firstly
modeled in an OPAL-RT OP4510 HiL real-time simulator with a time step of 220 ns
to validate the discrete-time control scheme, which was implemented on a Texas
Instruments TMS320F28379D 32-bit DSP controller as shown in Figure 19a. The
VSC parameters used for hardware-in-the-Loop (HiL) testing are listed in Table 3,
which are the same parameters used in prototype hardware. The emulated grid
voltages and currents in the HiL system had identical sensitivities to those used in the
hardware implementation system, as depicted in Figure 19b. A deadtime of 1 us in
each VSC leg was configured in the DSP. The VSC was constructed from Infineon
IKW25T120 insulated-gate bipolar transistors (IGBTSs) with isolated gate drivers from
Texas Instruments 1ISO5851. Amorphous C cores (AMCC6.3 equivalence) were used
for the construction of the inductors L, and L, of the LCL filter. The VSC was
connected to a Chroma 61,860 60-kVA grid simulator. The DC bus was supplied to a
Chroma 62150H-1000S DC power supply, 15 kW 0-1000 V, for the inverter
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operation. The discrete-time control scheme for the hardware implementation was
identical to the HiL-based validation system. The ADC voltage range of this DSP is
between 0 V to 3 V. Hall-effect current sensors, LEM HLSR 10-P/SP33, were used
for measurement of the grid currents iy, and ig,. The grid voltage sensors were
constructed from voltage divider circuits with AMC1200 isolation amplifiers. In this
prototype, the line-to-line voltages vy, and v,,. were measured, of which the
instantaneous voltage vector was shifted by —pi/6 to be in the same angle with the
instantaneous voltage vector of the phase voltage vector. A voltage reference,
REF2030, provided a 1.50 V offset voltage for the grid current and grid voltage

SENSOrs.
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Figure 19 Experimental system of the three-phase VSC: (a) HiL-based
implementation; (b) hardware implementation.

The measured voltages and currents were scaled into the per-unit system with
the appropriate scaling factors, as illustrated in Figure 20. In this example, a grid
current with the peak value of Iz is measured by a current sensor with the sensitivity
of Kr;. An offset voltage V,r; is added to the sensor output to accommodate the O-
Vapcmax iNput range of the ADC, where Vapc max 1S the maximum input voltage of
the ADC, normally 3 V or 3.3 V. This translates to decimal values of 0 to (2N4pc —
1), where Nypc is the ADC bit number. The ADC output that is equivalent in decimal
is then normalized by 2¥4pc. The offset is now equivalent to Vog ;/Vapc max, Which is
subsequently removed in the software. The normalized signal with offset removal is
multiplied by a scaling factor to have a unity amplitude at the base value. The
numerical notation in the DSP can be in the signed fixed-point representation or the
floating-point format. The scaling of the grid voltage has the same process as the grid
current. No offset removal is required for the DC bus voltage, while the other
procedures are similar to those for the grid voltage and current. In general, the signal
scaling factor is given by

> X VADC,max (28)
" » e, s
(Sensor Senitivity) X (Base Value)
<=———  Sensor DSP
Actual signal Sensor output ADC output | Normalization and offset removal ‘ Per unit scaling
Nape
Vanc,max oNape — 1| 2ne -1
2Nape
Iy R 1
Kl VKn'Ih )ZNADL ( Kpidy )
0 Vor i ( Vor.i ) Vs ArleT‘mc:x 0 Vapc max 0
VADC‘max
Vore N Y
0 0 (VADL‘Jnaa

_> ADC < i . @_’
Vori 2Navc ( Vor, )
VADC,mux’

Figure 20 Grid current conversion and scaling process for the experimental

system.
The discrete-time control algorithm implemented in the MATLAB m file was

manually translated to the C language for the DSP with the same controller
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parameters. Thus, the simulation and the experiment are closely related. However,
there is a code generation tool for this DSP family with an additional licensing cost.
The internal signals of the discrete-time control scheme implemented on the DSP
were converted to 0-3.0 V analog signals via two embedded 12-bit digital-to-analog

converters (DACs) for monitoring on an oscilloscope.

Table 3 Parameters of the VSC.

Parameters Value
Nominal grid voltage Three-phase 380 V line-line 50 Hz
Nominal power 5 kVA
Nominal DC bus voltage 650 V
DC bus capacitor, Cp, 780 uF
Switching frequency, f;,, 10 kHz
Sampling frequency, f; 20 kHz
DC bus resistor, R, 94 kQ
Converter-side inductor, L, 1.4 mH
Winding resistance of L,, R, 0.110 Q
Grid-side inductor, L, 0.7 mH
Winding resistance of L,, R, 0.042 Q
Filter capacitor, Cr 1.94 pF
Series resistor, Ry 0.001 Q
Base voltage, V5 311V
Base current, I 10.74 A
Base impedance, Zg 28.88 Q

Simulation and Experimental Validations

The DC bus was connected to the Chroma 62150H-1000S DC power supply
with v, =700 V. The grid voltage waveforms were set to be sinusoidal at the

nominal phase voltage of 230 V, 50 Hz. The PI controllers for the fundamental
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component were enabled without the harmonic compensators. The reference currents
were set t0 igy e = 1.0 p.U. and iy, ,.r = 0 p.u.. This caused the VSC to inject an
active power of 5 kW into the grid. A simulation platform 1 of the VSC was
developed in the Simscape Electrical of the MATLAB/Simulink 2020b, which is
provided in [52]. Figure 21 and Figure 22 compare the experiment and simulation
results for the VSC-side currents iq, i, and i,c, and the grid currents iy,, iyp, and
Igc- It can be observed the experimental VSC-side currents i,4, i;5,, and i;. of the HiL
and hardware implementations have the current envelopes due to the switching in
close agreement with those of the proposed simulation method and the simulation
platform 1. This confirms that the switched circuit modeling technique is applicable
for the proposed platform. The waveforms of the experimental and simulation grid
currents igq, igp, and iy. are near sinusoidal as the LCL filter absorbs the switching

current ripples.

Table 4 Line-neutral voltage harmonics.

220Vrms 4% 2% 1% 1% 4.69%

The voltage harmonics listed in Table 4 were added to the fundamental
component, which resulted in a total harmonic distortion (THD) of 4.69%. Figure 23
shows the grid voltages and the grid currents without the harmonic compensators
(HC). The experimental results from the HiL and hardware implementations closely
agree with the proposed simulation method and simulation platform 1. The grid
voltage harmonics make the grid currents even more distorted, with a THD of
10.84%.



35

300

-300 5ms/Div

10

-10+

c
10 L

-10
~5A/Div , , , , ~ Proposed Simulation

300

-300100v/Div : , ,
i lig Lip Lic

5ms/Div

10

-10+

10 . ga £ gb 2.9¢

" 5A/Div , , , , Simulation Platform 1

Figure 21 Simulation and experimental results of the VSC without the harmonic
compensators under the sinusoidal voltages: Proposed simulation method and

simulation platform 1.
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Figure 22 Simulation and experimental results of the VSC without the harmonic
compensators under the sinusoidal voltages: HiL-based experiment and

hardware implementation.






CHAPTER IV

HARMONIC COMPENSATION OF VSC

According to the explanation of the problems that occurred in the previous
chapter, it can solve the problem of harmonic voltage distortion by using the harmonic
compensations in the current control loop. The harmonic components of the grid
current can be represented in the stationary frame or the rotating reference frame.

Therefore, can be explained the proposed system in two parts.

Proportional-integral plus multi-resonant (PIMR) controllers

P, — !
ref —>] 3Ugd Va,ref _ da, db,
= and d.
SVM [—»
2 v \1
Qref — - Fa
3vy4
> lya of lga
i i
9B 9B
af |* abcf+——

Figure 24 The PIMR controllers is integrated into the control structure.

This section discusses the control scheme of the PIMR controllers on the
synchronous reference frame for current control of the three-phase grid-connected
LCL-filtered VSC under conditions of grid voltage distortion and grid frequency
variation, as illustrated in Figure 24. The harmonic controllers in each order G, are
connected in parallel to the fundamental current controller. The PIMR controller
depicted in Figure 25 is adopted for the dg-axes current regulators [14]. The PIMR

transfer function in the s-domain is given by
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_ Kil Krhs
Gei(s) = Kp + 5 7 Z 2+ (ho)? (29)

The proportional-integral (PI) controller regulates the fundamental component
current, which is the DC quantities in the dg-axes. The multiple resonant (MR)
controllers regulate both negative and positive sequence components [40], which can
be used to attenuate the grid voltage harmonics at the frequencies +6w, +12w, -+ in
the synchronous reference frame [14].

PI controller for the fundamental component
_________________ <

(
I '
> I
Cidq : KP % I Avdq

I

| .

I

|

[

Figure 25 Proportional-integral plus multi-resonant controller.

The double integrator structure of the resonant controllers uses the estimated
grid frequency from the PLL for frequency adaptation, as shown in Figure 26. The
equivalent transfer function of GZ;(s) in the stationary reference frame is determined

from [40]. The superscript ““ s ”” denotes the stationary reference frame term.

Gei(s) = Gei(s + jw) + Gei(s — jw) (30)
Substitution of (29) into (30) becomes
2K;s 2K (s? + (1 + h»)w?)s
Gei(s) = Kp + llz Z 4 = 2Y/ 22 _h2)24 (31
s?+w h=612,-S*+2(1 + hH)w?s? + (1 — h?)?w (31)

H(s)
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The harmonic compensators H(s) in (31) are identical to individual resonant
controllers R(s) tuned at frequencies (1 + h)w in the stationary reference frame

which is given by

K'hS
R(s) = z :
) h=612,-S2 + (1 £ h)?w? (32)

Therefore, the stationary frame equivalence of the synchronous reference frame
controller G.;(s) is similar to a proportional-multiple resonant controller implemented

in the stationary reference frame [14], which is written by

i3 = Bp T a2 =612, + (1 + h)?w? )
e(s) ! g
- >
1
s

Figure 26 The double integrator structure of resonant controller in continuous

time-domain.

Proportional-integral plus multiple synchronous reference frame (PIMSR)

controllers

Figure 27 shows the PIMSR control structure, which has the same
characteristic as the PIMR controller in the stationary frame [14]. The PIMSR scheme
has a fundamental current controller identical to that of the PIMR control scheme.
However, the selective HCs are implemented with the integral regulators in the
synchronous reference frames corresponding to the grid voltage harmonic

components[27, 29-33]. As seen in Figure 27, the reference currents i,

gdref and

igqrer ObMained from the active and reactive power commands, are converted to the

stationary reference frame by the inverse Park transformation for the harmonic

4

compensators. The reference currents igq’ref

is obtained from the reactive power

4

control loop or by setting iy, rer =

0 for a unity power factor. The grid currents iy,
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and iéﬁ are determined from two grid current sensors using the Clarke transformation
as follows iy, = iga, igp = (ige + 2ig,)/V3. Then, the grid current errors in the ap-
axes are converted into the dg-axes again using both the positive-sequence and
negative-sequence transformations at the harmonic orders (1 + h)using the grid
angles (1 + h)6@obtained from PLL. The dc component errors of each order in the
dqg-axes are then compensated by the integral regulators on the multiple synchronous
reference frames at the selective harmonic frequencies. The integral regulator's
outputs are transformed to the stationary reference frame using inverse Park
transformation. Finally, the VSC reference voltage of the harmonic compensators
Vncaprer @€ Obtained by adding together all the integral regulators given by
Vhcapref = Z (Vherer +jvi,16,ref) = Z (Vharer + JVhqres) - €™° (34)
h=5,7,... h=5,7,...
The reference voltages in the af-frame of the harmonic compensators are then

combined with those of the fundamental component controller.
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Figure 27 The PIMSR controllers is integrated into the control structure.
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Current controller design

The PI controller is responsible for regulating the fundamental component current,
which represents the DC quantities in the dg-axes. The synchronous reference frame
commonly utilizes proportional-integral (PI) regulators in VVSC current control. These
regulators offer several advantages, including zero-steady state error, power
decoupling capability, and the ability to adapt to the grid frequency through axis
transformations [15, 17, 25, 26]. The PI controller function in the s-domain is defined
in this study as

Gei(s) = Ky + 2 (35)
The decoupled terms leave the currents iy, and ig, are separately controlled. The Pl
regulator for the fundamental component current is initially designed in the
continuous-time domain. The parameters K., for the resonant controllers are then

selected in proportion to the integral gain K;;. According to the design methodology

in [47], the PI regulator parameters are selected as follows

Ky = wcimaxLt (36)
w?i max
Kiy ~ =50 Lt (37)

where w¢; mayx 1S the possible maximum cross-over frequency at a given phase margin
@ mi- The cross-over frequency we; maqyx IS given by

/2 — Qi
Weimax = T—dml (38)

where T,; = 2T, is the sampling and the transport delays caused by the digital control
process with T as the sampling time. The resonant controllers’ gains of the PIMR
scheme, orders 6th and 12th, are added to eliminate the voltage harmonics, orders 5th,
7th, 11th, and 13th, whose resonant gains are set at K, = K,1» = K;1/3. The integral
gains of the PIMSR controller are then set at K;s = K;7 = K;11 = K;13 = Kj1/3.

Therefore, the parameters of the current controller can be found in Table 5.



43

Table 5 Parameters of the current controller.

Parameters Value

Ky 0.4080
K; 213.60
Kis, Ki7, Ki1, Kix3 71.21
Kre) Kr12 71.21
A6, A212 0.003561
a3e 2.495233
az12 9.980929

Figure 29 shows the frequency response of the simplified open-loop transfer
function with the PI1 controller and the PIMR controller. The target phase margin is set
at ¢, = 60° with the VSC parameter in Table 3, which results in w¢; max =
2m(1111) rad/s. The Pl controller parameters K,, and K;; are determined from (36)
and (37). The resonant controllers, orders 6th and 12th, are added to compensate the
voltage harmonics, orders 5th, 7th, 11th, and 13th, whose resonant gains are set at
Ky = Ky12 = K;1/3. For the Pl controller, the DC loop gain of 100 dB is large
enough to track the reference currents with a zero steady-state error. However, the
loop gains at 300 Hz and 600 Hz are considerably low to reject the voltage harmonic
disturbances. For the PIMR controller, the DC loop gain and the loop gains at 300 Hz
and 600 Hz are greater than 100 dB. The phase margin ¢,,; = 48" of the system with
the PIMR controller is still large enough to guarantee the control stability. The actual
cross-over frequency w.; = 2m(916) rad/s is close to the desired value.

The current controller is designed based on the simplified model. Stability
assessment is necessary before implementation. The stationary reference frame
equivalence of the current controller given in (33) and the transfer function of the
LCL filter in (18) are used in the open-loop transfer function G;(s) in the stationary

reference frame which is written as
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Vb _
Go(s) = Gg(s) '73 Te - Grey(s) (39)
Controller m LCL filter

Figure 29 depicts the frequency response of G5 (s) in the stationary reference
frame, where there are three cross-over frequencies w.;, w,, and w.3. The cross-over
frequency near the loop bandwidth w.; = 2m(892) rad/s slightly shifts from that in
the synchronous reference frame due to the presence of the 13th-harmonic peak gain.
The phase margin ¢,,; = 42° at w.; is still large enough to guarantee control
stability. The other two cross-over frequencies w., = 2mw(4730) rad/s and w3 =
2m(5590) rad/s occur around the resonant frequency of the LCL filter w, ., of which
phase margins ¢,,, = 83° and ¢,,; = 67° satisfy the stability criterion for the
inherent damping of the LCL filter with grid-current feedback control [55].

Bode Diagram
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Figure 28 Frequency response of the current control loop: simplified open-loop
transfer function in synchronous reference frame with the PI controller and the
PIMR controller.
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Figure 29 Frequency response of the current control loop: open-loop transfer

function in the stationary reference frame.
Implementation of the current controllers with HCs

The PI regulators of the fundamental current controller and the integral
regulators of the PIMSR controllers were discretized using the backward Euler
approximation. The resonant controller transfer function of G,;(s) is constructed
from the double integrator configuration as shown in Figure 26. For the discrete-time
transformation of the resonant controller, the forward Euler method s = (1 —z71)/
T,z~1 and the backward Euler method s = (1 — z71) /T, are used for the forward and
feedback integrator [56]. Therefore, the control scheme of the multi-resonant
controllers at the harmonic orders 6th and 12th can be rewritten in the discrete-time
domain according to Fig. 6 and the discrete-time domain transfer function of the
resonant controller can be expressed as

KrhTs(Z_1 - Z_Z)
14 (TZh2wz —2)z71 +z72%

Grn(2) = (40)

The integrator coefficients of each resonant controllers in Figure 31 can be written as
azn = KenTs, azp = (hwn)sz/Krh-
The resonant frequencies at the harmonic orders 6th and 12th are kept tuned

A

with the estimated frequency « ' from PLL for grid frequency adaptation. The
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fundamental current control has the intrinsic frequency adaptation capability through
the Park transformation. For programming of the multi-resonant controllers, each HC
is converted to a simple pseudo-code as described in Figure 30. This code is executed
each sampling time period of the simulation software or DSP.

%Resonant Controller for Order 6th

ve(k) = a26*(e(k-1)-y26(k-1)) + v6(k-1);
y26(k) = a36*v6(k)*wn”2 + y26(k-1);

e(k-1) = e(k);

%Resonant Controller for Order 12th

v12(k) = a212*(e(k-1)-y212(k-1)) + v12(k-1);
y212(k) = a312*v12(k)*wn”2 + y212(k-1);

Figure 30 Pseudo-code of the harmonic compensators.
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Figure 31 Discrete-time implementation of the PIMR controller with frequency

adaptation.
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Experimental verification

The simulation model of the VSC developed in MATLAB/Simulink 2022b is
provided in [57], which has been presented in previous chapter. Moreover, the
proposed control technique was verified through the hardware-in-the-loop (HiL)
implementation and the hardware implementation. Figure 32 depict the experimental

setup.
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Figure 32 Experimental setup. (a) HiL configuration (b) Laboratory-scale

environment.



48

Harmonic mitigation

The VSC with the PIMR and PIMSR control schemes was evaluated under the
sinusoidal and distorted grid voltages with a nominal steady state power of 5 kW. The
harmonic components Vg, V,, V;; and V;3; were added to the fundamental grid
voltage V; as shown in Table 4 with a total harmonic distortion (THDv) of 4.69%.
The grid frequency was tested under the allowable range of the Thailand grid: the
nominal value of 50 Hz, the minimum value of 47 Hz, and the maximum value of 52
Hz. Figure 33 compares the current harmonic components of the fundamental
component controller without the HCs (black) with those of the PIMR (red) and
PIMSR (blue) control schemes at the nominal grid frequency. The harmonic orders
5th and 7th of the fundamental component controller exceed the IEEE 1547 standard
(magenta line) [12]. Moreover, the current harmonic orders 11th and 13th are still
noticed. On the other hand, the HCs of the PIMR and PIMSR controllers suppress the
current harmonic orders 5th, 7th, 11th, and 13th close to zero, which complies with
the IEEE 1547 standard.

Table 6 THD of the grid current at the nominal output power.

Sinusoidal grid voltages Distorted grid voltages
Control schemes

47Hz 50Hz 52Hz 47Hz 50 Hz 52 Hz
Fundamental component controller 121% 140% 1.14% 10.97% 10.54% 10.77%
PIMR without frequency adaptation 1.05% 097% 1.11% 7.85% 1.08% 8.92%
PIMR 0.88% 091% 0.81% 0.96% 1.15% 0.90%
PIMSR 093% 0.95% 0.82% 0.93% 1.09% 0.83%

Table 6 summarizes the THDi values of the fundamental component controller,
the PIMR controller with/without frequency adaptation, and the PIMSR controller
under the sinusoidal and distorted grid voltages at the frequencies of 47 Hz, 50 Hz,
and 52 Hz. The PIMR controller without frequency adaptation manages to suppress
the voltage harmonics at the nominal grid frequency, compared with the fundamental
component controller under the sinusoidal grid voltages. However, the THDi values
deteriorate when the grid frequency deviates from the nominal value. The resonant

frequencies of the PIMR controller updated from PLL keep the THDi values lower
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1.15%. Meanwhile, the PIMSR controller has an inherent frequency adaptation
capability, which exhibits a similar harmonic attenuation to the PIMR with frequency

adaptation.

ol
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PIMSR
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Figure 33 Grid current harmonic spectrum of the VSC at the nominal power of 5

kW under the distorted grid voltage.

Transient performance and power extraction capability
This section validates the transient performance and the power extraction capability of
the PIMR and the PIMSR control schemes. Error! Reference source not found. and
Error! Reference source not found. shows the simulation result of the dynamic
response of the VSC when the reference current suddenly changes under distorted
grid voltage, as shown in Table 4. Initially, both the reference currents were set to
2er0 (iggrer = 0 p.U.and iy, . = 0 p.u.). Then, the reference currents were suddenly
changed t0 igg,r = —0.7 p.u. and iy, .. = 0 p.u.. At this time, the VSC feeds an
active power of 3.5 kW into the grid. After that, the VSC injects a reactive power of
3.5 kVar (set igg .r = —0.7 p.u.). The experimental results show that the behavior of

the grid current waveforms tracks the reference currents. The distorted voltage does

not affect the transient response of the grid currents. The grid currents of the PIMR
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and the PIMSR schemes at the steady-state conditions are close to the sinusoidal
waveform. The zoomed areas in Figure 36 and Figure 37 indicate that the PIMR
controller exhibits a transient response very close to the PIMSR controller because of
their identical stationary frame transfer function as shown in (33) The simulation
results, the experimental results of HiL, and the hardware implementations are in
close agreement. However, there is still a slight difference in the rising edge of the
grid current step. The oscillation of the grid current during the transient of the
simulation result is slightly higher than that of the HiL and hardware experimental
results. This is believed to be due to voltage drops in the IGBTs and the grid
simulator’s internal impedance, which were neglected in the simulation. The
instantaneous active and reactive power can be calculated from the dg-axes currents

directly.
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’

5A/Div i;qd,ref =1=07p. Y. iyg rer1=0p. U Lpiref = =07 Pl dgrrer = =07 p.u. -

Figure 34 Simulation of the transient response of the grid current under

distorted voltage.
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Figure 35 The HiL prototype investigates the transient behavior of the grid

current when exposed to distorted voltage.

HESSERISSEEELL

Figure 36 Transient response of the grid current under the distorted voltage.:
Hardware prototype with the PIMR controller
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Figure 37 Transient response of the grid current under the distorted voltage.:
Hardware prototype with the PIMSR controller

Performance under grid frequency and voltage variation

This section validates the frequency adaptation capability of the PIMR and
PIMSR controllers under the sinusoidal and distorted grid voltages. Figure 38 shows
the grid current waveforms of the PIMR control scheme under the sinusoidal voltages
when the grid frequency changes from 47 Hz to 50 Hz, and from 50 Hz to 52 Hz. The
grid current

THDi values with the PIMR controller are 0.88%, 0.90%, and 0.81 because there
is no harmonic disturbance from the grid voltages. Figure 39(a) and Figure 39(b)
indicate the grid current waves of the PIMR and PIMSR control schemes under the
distorted grid voltages when the grid frequency changes from 47 Hz to 50 Hz, and
from 50 Hz to 52 Hz. The grid current waveforms of the PIMR controller and the
PIMSR controller are very close to those under the sinusoidal voltage in Figure 38 at

all the changing frequencies, which has a slight distortion in the edge of the
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frequencies, as illustrated in Figure 39(a). The PIMR scheme without the frequency
adaptation depicted in Figure 39(b) cannot mitigate the effects of distorted grid
voltage when the frequency deviates from the nominal value. Meanwhile, the PIMSR
controller exhibits the inherent frequency adaptation capability through the axis
transformations The PIMR controller without the frequency adaptation has the THDi
of 7.85% at 47 Hz and 8.92% at 52 Hz, which exceeds IEEE 1547 standard [12]. On
the other hand, the PIMR controller with frequency adaptation and the PIMSR
controller maintain low THDi values at the frequencies of 47 Hz and 52 Hz. The grid
current has a THDi approximately 1% that complies with the IEEE 1547 standard.
The experimental results from HiL in Figure 39(a) are very close to those of the

hardware implementation in Figure 39(b).
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Figure 38 Performance of the PIMR control scheme under the sinusoidal grid

voltages with the changing grid frequency.

Figure 40 shows the experimental performance of the PIMR and PIMSR
control schemes under the +10% sag/swell of the distorted grid voltages. The two
controllers again exhibit close transient responses, which regulate the grid currents

back to the reference values within 10 ms.
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Figure 40 Performance of the PIMR and PIMSR control scheme under the grid

voltage sag and swell from the hardware prototype.
Computational effort of the control schemes

Table 7 compares the estimated computational effort of the PIMR and PIMSR
controllers for the TMS320F28379D DSP. The PISMR controller requires a
substantial computational task for the multiplications and Trigonometric function
operations for the harmonic orders, 5th, 7th, 11th, and 13th. Meanwhile, the PIMR
controller requires the Trigonometric functions only at the fundamental component,
while the resonant controllers at orders, 6th, 12th, use only the additions, subtractions,

and multiplications. The PIMR controller presented in this study poses a one-third
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computational effort of the PIMSR controller while maintaining the frequency
adaptation and power extraction capability. Thus, the PIMSR controller is suggested
for the three-phase VSC current control. Although the reduction in the computation
time of 2.950 us with the PIMR scheme seems insignificant when implemented on a
powerful TMS320F28379D DSP with a sampling frequency of 20 kHz, the PIMR
control scheme will be more beneficial with higher switching and sampling
frequencies for wide bandgap devices. For example, the PIMR regulator will be
helpful for the multi-loop grid-forming control of

the VSCs in inverter-based electric power systems [58]. Moreover, discretization of
the resonant controller is crucial for high switching frequency applications with a
significant computation delay [59]. Multiple resonant regulators in series with a
fundamental current controller with the deadbeat control have been recently proposed
in [60]. Meanwhile, in this study, the multiple resonant regulators are placed in
parallel with the fundamental component PI controller. Thus, it would be interesting
to compare the harmonic rejection performance and control stability of the parallel

and series configuration of the harmonic controller.

Table 7 Computational effort of the control schemes

) . Control methodology
Mathematical operations

PIMR PIMSR
Additions/subtractions 35 49
Multiplications 198 384
Trigonometric functions (Sin/Cosine) 78 468
Saturation limits 14 14
Execution cycles 325 915

Execution time (0.005 ps/cycle) 1.625 ps 4.575 ps




CHAPTER V

CONCLUSION AND FUTURE WORK

Conclusion

This in-depth exploration of grid-connected voltage source converters (VSCs)
featuring selective harmonic mitigation represents a significant leap forward in both
theoretical insights and applied solutions. The introductory chapter explores the
essential principles, the challenges encountered, and the consequences of
incorporating grid inverters into distribution networks affected by severe voltage
distortions. Subsequent to this, chapter two offers an exhaustive review of the
literature on the strategies for harmonic mitigation in grid-connected inverters under
conditions of grid voltage distortion. Chapter three introduces a precise methodology
for the modeling of VVSCs, advancing further with the development and validation of a
simulation approach using MATLAB/Simulink, and the application of switched-
circuit modeling for the power stage. Additionally, the operation of a grid-connected
inverter under standard grid voltage conditions was simulated using Hardware in the
Loop (HiL), yielding simulation outcomes that aligned closely with those from
MATLAB/Simulink and laboratory-constructed prototypes. Chapter four delves into
the application of a Proportional-Integral plus Multi-Resonant (PIMR) Controller to
address issues of grid voltage distortions and frequency variations, conducting a
comparative analysis with the Proportional-Integral plus Multiple Synchronous
Reference Frame (PIMSR) controller. The findings indicate that although both
controllers produced similar results, the PIMR controller exhibited a lower
computational complexity, rendering it more advantageous for practical

implementation.

Future Work

1. Propose a technique for determining a Resonant controller's proper gain value
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Chapter 4, in subtopic "Current Controller Design,” provides a detailed
explanation of how to determine the gain for a grid current controller using a Pl
controller. However, it does not address the process for determining the resonant
controller's gain. The researcher relied on trial-and-error methods to identify a suitable
gain value. For the resonant controller to effectively eliminate harmonic currents, it is
essential to establish an analytical method to accurately and correctly determine the

gain values.

2. Enhanced harmonic mitigation techniques
Future research could focus on developing adaptive harmonic controllers that
automatically adjust their parameters in real-time to better handle varying grid
conditions and load demands. This could involve the integration of machine learning
algorithms to predict and mitigate harmonic distortions.

3. Impact of electric vehicle charging stations
The thesis mentions the increasing presence of electric vehicles (EVs) and
their charging stations. However, it does not explore in-depth the specific challenges
and solutions related to harmonic mitigation in the context of high-power, fast-
charging stations for EVs. Research in this area could focus on mitigating harmonics

specifically introduced by EV charging infrastructure.

4. High-order harmonic mitigation
The study addresses harmonic compensation for certain harmonic orders but
does not extensively cover higher-order harmonics beyond the 12th. Future research
could investigate methods for effectively mitigating higher-order harmonics and their

impact on power quality.

5. Integration with renewable energy sources
Investigate the performance of the proposed harmonic mitigation techniques in
hybrid systems that combine multiple renewable energy sources such as wind, solar,
and hydro. This research could explore how the varying outputs of different

renewable sources affect harmonic generation and mitigation.

6. Grid interaction and stability
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Conduct comprehensive studies on the impact of harmonic mitigation
techniques on overall grid stability. This can include examining how these techniques
influence the stability margins of power systems and their interactions with other grid
stability mechanisms.

7. Standards and compliance
As power quality standards evolve, future work should focus on ensuring that
the proposed techniques comply with the latest regulations and standards. This may
involve participating in standardization committees and contributing to the

development of new guidelines.

8. Real-time monitoring and control
Develop real-time monitoring systems that continuously assess the harmonic
levels and automatically adjust the mitigation techniques to ensure optimal
performance. These systems can leverage 10T technologies for enhanced connectivity

and data analytics.

9. Scalability and flexibility
Explore the scalability of the proposed techniques for different sizes and types
of grid-connected systems. This can include small-scale residential systems to large-

scale industrial applications.
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APPENDIX |

HARMONIC IN THREE-PHASE SYSTEM

Harmonics in a three-phase system refer to frequencies that are whole number
multiples of the fundamental frequency (often 50 Hz or 60 Hz) of the power supply.
These frequencies have the potential to alter the typical sinusoidal waveforms of
voltage and current, resulting in a range of issues within the electrical network. Below

is an analysis of the nature of harmonics in three-phase system.
Phase sequence of harmonic in a three-phase system

The phase sequence of harmonics in a three-phase system is a critical aspect
that influences how harmonics interact with the power system. To gain a deeper
understanding, it's crucial to explore the determination of the phase sequence and the

behavior of various harmonic types in relation to their sequence:

In a three-phase power system, the fundamental frequency follows a specific
phase sequence, typically A-B-C, which means that phase A reaches its peak first,
followed by phase B, and then phase C. This sequence results in a clockwise rotation

of the power system's magnetic field.

For harmonics, the order of the harmonic (i.e., the multiplier of the

fundamental frequency) determines its sequence and properties:
1. Positive Sequence Harmonics

Harmonics of the form n = 1 4+ 3k (where k is an integer O, 1, 2,.) are called
positive sequence harmonics, such as the 1st, 4th, 7th, 10th, etc. These harmonics
follow the same sequence as the fundamental (A-B-C). They rotate in the same
direction as the fundamental frequency's magnetic field and add constructively to the

system's power.
2. Negative Sequence Harmonics

Harmonics of the form n = 2 + 3k are called negative sequence harmonics,

like the 2nd, 5th, 8th, 11th, etc. These harmonics follow the opposite sequence of the
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fundamental (A-C-B). They rotate in the opposite direction and can lead to destructive
interference, reducing system efficiency and potentially causing heating and

mechanical stresses, particularly in rotating machinery.
3. Zero Sequence Harmonics

Harmonics of the form n = 3 + 3k, such as the 3rd, 6th, 9th, 12th, etc., are
called zero sequence harmonics. These harmonics do not rotate and are in phase with
each other across all three phases (A-A-A or B-B-B or C-C-C). In systems with a
connected neutral, they can generate significant neutral current, resulting in excessive

heating and neutral overloading.

—»d
— b
——p»C

(@) (b) (©)

Figure A.1 Phase sequence vector of a balanced three-phase system: (a)

Positive Sequence, (b) Negative Sequence and (c) Zero Sequence.
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Abstract: This paper elaborates on a development technique for the grid-connected voltage source
converter (VSC). We propose a simulation technique in the MATLAB/Simulink environment that
emulates the operation of the discrete-time controlled grid-connected VSC. The switched-circuit
modeling approach is used for simulation of the power stage in the continuous-time domain with the
physical unit scale. The discrete-time control algorithm is implemented in an interpreted MATLAB
function in the per-unit scale, which synchronizes with the switching period. Such a control algorithm
is easily translated into the C language for programing of the 32-bit C2000 DSP controller with the
same regulators” parameters. The proposed platform was validated with a hardware-in-the-loop real-
time simulator and with a 5-kVA 3-phase LCL-filtered grid-connected VSC. The discrete-time control
scheme was implemented in the synchronous reference frame control with proportional-integral
with multi-resonant controllers at harmonic orders 6th and 12th for suppression of the grid voltage
harmonic orders 5th, 7th, 11th, and 13th. The experimental results closely agreed with the simulation
results. The experimental grid currents complied with the IEEE 1547 standard thanks to the multi-
resonant controllers. The proposed platform provides a smooth transition from implementation to a
near-commetcial prototype with a low investment cost in simulation and rapid prototyping tools. A
MATLAB/Simulink VSC model is provided as an attachment of this paper.

Keywords: discrete-time control; harmonics; grid-connected inverter; modeling; voltage source
converter

1. Introduction

Power electronic converters now play a vital role in modern electric power generation
and distribution systems [1,2]. Three-phase voltage source converters (VSCs) are widely
used to interlink DC and AC systems as illustrated in Figure 1. Common applications of the
three-phase VSCs include photovoltaic [3] and wind energy systems [4], grid integration of
battery storage systems [5], traction motor drives for transportation applications [6], and
electric vehicle charging stations, ete. [7].

Energies 2022, 15, 2535. https: / /doi.org /10.3390/en15072535
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Figure 1. Applications of VSCs in the electrical system.

Figure 2 illustrates the three-phase VSC structure where it can be divided into the
power stage, switching signal generation, and discrete-time control system. The DC bus
voltage vp control and the active/reactive power control are the outer control loops, which
generate the reference grid current i; for the inner current control loop. The grid current ig
is required to track the reference and to reject low-frequency harmonics in the grid voltage
vg. Harmonic controllers are normally plugged into the fundamental component current
controller. Multi-resonant controllers and repetitive controllers in the stationary reference
frame &, and multiple synchronous reference frame control are the common solutions for
grid voltage harmonic mitigation. Moreover, frequency adaptation capability is required to
maintain the control performance with the grid frequency variation. The duty ratios from
the current control loop are sent to the pulse width modulation (PWM) unit to generate
the switching signals for the semiconductor switches of the VSC. The control scheme of
the three-phase VSCs and other power converters are now normally implemented on a
microcontroller {(uC) or a digital signal processor (DSP).

Development of a three-phase VSC starts from a simulation using power simula-
tion software for the power stage, PWM, control systems such as PSIM or Simscape in
MATLAB/Simulink (simulation platform 1 in Figure 2). This platform provides a quick
validation before hardware prototyping. Component losses and thermal behavior can be
easily modeled. However, a lack of deep knowledge in modeling the converter circuit
and dynamic makes it difficult when designing the controllers. Moreover, the dedicated
software cost is considerably high.

The power stage of the VSC can be simulated using the switched-circuit modeling
technique [8] where the state equations are calculated for every switching state herein
defined as simulation platform 2 in Figure 2. The semiconductors devices are normally
considered as the ideal switches without voltage drops and switching and conducting
losses, This technique can be modeled with basic blocks in MATLAB/Simulink. This
switched circuit model can be easily connected with other control blocks that are already
available in the Simulink. Investment cost in the software license is comparatively low.
However, this method requires a deep understanding of the converter operation which
takes additional time and effort compared with the simulation platform 1.

After computer simulation, the control scheme can be implemented into a rapid control
prototyping (RCP) system, while the power stage of the VSC can be modeled in a hardware
in the loop (HiL) system, defined as prototype platform 1 in Figure 2. RCP and HiL systems
are normally equipped with field-programmable gate arrays (FPGAs) or high-performance
microprocessors with digital and analog interfacing, which accelerates validation of the
prototype. No programming effort is required since the control block diagrams in the
simulation are directly translated into the RCP system. HiL systems provide high fidelity
with a small-time step for real-time simulation of the semiconductor switches and passive
components. [t has been reported that the ratio of the switching period to the simulation
time step should be greater than 60 times for equation-based modeling and 60,000 for
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physical-based modeling [9]. Common RCP systems for power electronic applications
are dSPACE Microlabbox (Paderborn, Germany) [10,11] and OPAL-RT OP4510 (Montreal,
QC, Canada) [12,13] and Imperix B-Box (Sion, Switzerland) [14] etc. Common commercial
HiL systems are OPAL-RT OP4510 (Montreal, QC, Canada) [12], dSPACE SCALEXIO
(Paderborn, Germany) [9], Typhoon Hil (Somerville, MA, USA) [15,16] and National
Instruments LabVIEW FPGA (Austin, TX, USA) [17]. The VSC power stage emulated in a
HiL system is easily connected with the control stage implemented in an RCP system or a
DSP-based controller. Hardware simulation using HiL systems is normally used to validate
control schemes for a large system such as a microgrid controller [18] or a high-power wind
turbine converter [19].

8 [}
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vp ip 98- |
2 = >
- ]
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Figure 2. Development platforms of the three-phase grid-connected VSC.

The control scheme implemented in the RCP system can be connected to the physical
hardware for the power converter, here defined as prototype platform 2 in Figure 2. This
research platform is popular for quick verification of converter control methedologies, for
which no programming effort is required. Physical units are virtually employed in such a
system. Measured signals, i.e., voltages and currents are just scaled into the control block
diagrams with their associated gains. Commercialization of prototype platform 2 takes
further effort in the implementation of the control scheme. The control scheme is discretized
and programmed onto a microcontroller or a DSP [20-24], here called prototype platform 3.
The sampled currents and voltages are normally scaled into the per-unit (p.u.) system so
that they are compatible with a limited numerical range of the DSP. This prototype platform
3 has a similar structure to commercial products for example power factor correction
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rectifiers, grid-connected inverters, and back-back converters [2,20,24]. Thus, it takes a little
effort to commercialize the prototype platform 3.

Simulation platform 1 and prototype platforms 1 and 2 enable a smooth transition from
modeling to implementation with a substantial investment in simulation software, RCP
systems, and HiL systems. Alternatively, simulation platform 2 and prototype platform
3 are the cheapest development platforms, which are suitable for power converter research
and development in developing countries. Example products and estimated costs of the
simulation and prototype platforms are summarized in Table 1.

Table 1. Example products and estimated cost for the simulation and prototype platforms.

Platforms

Simulation platform 1

Simulation platform 2
& proposed method
Prototype platform 1

Prototype platform 2

Prototype platform 2

Products Cost Implementation Effort
N.IATLAB/SHnu.lmk with Simscape and 11,800 USD Little
Simscape Electrical
MATLAB/Simulink 5900 USD Moderate
dSPACE Microlabbox ;
Associated MATLAB/Simulink products +30,000USD Little
dSPACE Microlabbox
OPAL-RT OP4510 +80,000 USD Little
Associated MATLAB/Simulink products
Texas Instruments LaunchXL379D
Power electronic hardware for 5-kVA 2000 USD Hard

3-ph VSC

This paper illustrates a development methodology for a DSP-based control power
electronic converter that facilitates a smooth transition from implementation to a near-
commercial prototype without a circuit-based simulation package and an RCP tool. This
paper covers switched circuit modeling of the VSC, and its discrete-time control scheme
developed in the MATLAB/Simulink environment from basic block diagrams. The control
scheme is scaled into the per-unit system so that the regulators’” parameters can be directly
transferred to the discrete-time control system implemented on a TMS320F28379D DSP con-
troller from Texas Instruments (Dallas, TX, USA) as illustrated at the bottom of Figure 2. A
three-phase grid-connected VSC with the proportional-integral plus multi-resonant (PIMR)
controllers in the synchronous reference frame for mitigation of grid voltage harmonics
is selected in this study. The proposed method was validated with a simulation platform
1 using the Simscape Electrical toolboxes in the MATLAB/Simulink, an Hil real-time
simulator, and 5-kVA three-phase grid-connected VSC.

2. System Description

Figure 3 depicts an LCL-filtered three-phase grid-connected VSC with the synchronous
reference frame control. The grid voltages, grid currents, and the DC bus voltage are
sampled by the analog-to-digital converters (ADCs), which are represented as the zero-
order hold (ZOH) blocks in the simulation. The sampled voltages are scaled by Ksy into
the per-unit system and Kg; for the sampled currents. The superscript “ * ” denotes the
signals in the p.u. scale. The grid currents are transformed to the synchronous reference
frame, on which the dg-axes current i; ;and iéq are regulated by the discrete-time current
controllers G;(z) with the reference current i; dref generated from the active power control
/

saref
from the reactive power control loop or by setting iéq ref = 0 for a unity power factor. The

loop and/or the DC bus voltage control loop and the reference current i obtained

distorted grid voltages g, Ugp and vy, are given by

Vga(t) = Vi cos 8 + Y Vi coshd
vep(t) = Vi cos(0 — 27t/3) + ¥ Vi cos (6 — 271/3) n
Vg (F) = Vi cos(8 4 2m/3) + L Vycos h(0 + 27/3)
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where 8 = wt and w is the grid frequency. The three-phase three-wire system contains the
harmonic orders h = 5,7,11,13, .. .. A phase-locked loop (PLL) is used to estimate the grid
voltage angle @ for the reference frame transformation. The grid voltage in the stationary
reference frame is obtained from

Y i 2 2 _i2n
Vap = Vgt jUgp = 3 (f)gﬂ + Vgpe! T + vgpe "T). (2)

Power Stage: Continuous time domain with physical units

P Control
and/or
vy Control

Control System and PWM: Discrete time domain with per unit systems

Figure 3. Three-phase grid-connected LCL-filtered VSC with the discrete-time control scheme in the
synchronous reference frame.

Note that the zero-sequence is neglected for the balanced system. Substituting (1) into
(2), the grid voltage can be represented as

gkﬁ — Dy Ve 5 Drel7f 4 e 118y (0130 @)
Thus, the grid voltage in the synchronous reference frame is given by
U)dq = Z;wlge_iﬂ = Vl + %9_-’.68 =+ V7ej'6€ + V“e—jIZH + 01321126 T+ (4)

The voltage harmonic orders +h = 6,12, - in the synchronous reference frame
result from the harmonic orders (i £ 1) in the stationary reference frame, which become
the disturbances of the dg-axes current control loops. The PIMR controller depicted in
Figure 4 is adopted for the dg-axes current regulators [25]. The PMR transfer function in
the s-domain is given by

thS

. 5
52 4 (hw)? ©)

Kﬂ
Goi(s) = Kp + =+ Y61,
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Fundamental component current controller

eidq Avdq

L’ K"IZ

Figure 4. Proportional-integral plus multi-resonant controller.

The proportional-integral (PI) controller regulates the fundamental component current
which is the DC quantities in the dg-axes. The multiple resonant (MR) controllers regulate
both negative and positive sequence components [26], which can be used to attenuate the
grid voltage harmonics at the frequencies +6cw, =12w, - - - in the synchronous reference
frame [25]. The double integrator structure of the resonant controllers uses the estimated
grid frequency from the PLL for frequency adaptation. The equivalent transfer function of
G.i(s) in the stationary reference frame is determined from [26].

Gils) = Gails + jw) + Gals — jw). ©6)
Substitution of (5) into (6) becomes
2Ky (2 + (14 K )w?)s
st 201 4 B)a2s? + (1 — W2Vt
H(s)

G“(S) - KP +

]

2K
iz Y62,

The harmonic compensators H(s) in (7) are identical to individual resonant controllers
R(s) tuned at frequencies (1 = /)e in the stationary reference frame which is given by

K;
R(s) = Zk:e.,lz,.‘. 2 i ®)

(1 h)e?

Therefore, the stationary frame equivalence of the synchronous reference frame con-
troller G(s) is similar to a proportional-multiple resonant controller implemented in the
stationary reference frame [25], which is written by

2K Kiys
S oy il il
Gr:f("’) - K.Y' + 2 4wl + Eh:ﬁ,lz’.,. e (1+ h)zmz‘

©
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The outputs of the dg-axes current controllers with feedforward of the decoupled

terms Ky form the VSC reference voltages v:i ref and vé reft which are converted to the

!

stationary reference frame v, _, 5
;

and v"g ref using the inverse Park transformation given by

: .
;k,@,ref - (U;,ref +jv,,8,ref) - (U:l,ref +jvz;,ref> e, (10)
The reference voltages v, ,, . and v}’g/e 7 are the inputs for the space vector modulation
(SVM) which calculates the duty ratios d,, dp, and d. for the compare unit to generate the
VSC switching commands.

The control scheme in Figure 3 is normally implemented on a DSF, and it must be
executed within an interrupt service routine (ISR). Figure 5 illustrates the timing diagram of
each ISR, which starts when the PWM carrier reaches zeros or the maxima. The controller
sampling frequency f; doubles the switching frequency f,. The analog signal sampling
is synchronized with the ISR at time instance k that occurs in the middle of the switching
action to avoid switching noise. This requires a small filtering effort for each signal, which
enhances the control loop bandwidth. The analog to digital conversion and scaling, and
the PLL are executed every ISR. If the VSC operation is enabled, the other VSC control
algorithms are performed, otherwise, they are skipped to the end of the ISR. The control
scheme is executed within the sampling period T; = 1/ f;, and the calculated duty ratios
da(k), dp(k), and d.(k) are updated to the compare unit at the next time instance k + 1.

-
- A/D conversion and scaling |
-PLL }
- abc-dq axes transformation }
- DC Bus voltage control I
- Reactive power control :
- dg-axes current control }
} - dg-aB axes transformation }
| - Space vector modulation ;
I

|

} - Duty ratios updating

i Control i Control Control Control

lalgorithm 'algorithm algorithm algorithm
d(k+2)

Figure 5. Timing diagram and control sequence of the VSC discrete-time control.
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The VSC currents iy, i, and if; or the grid currents ig,, ig;,, and ig; can be used as the
feedback signals for the current control loop. For the VSC current feedback, current sensors
can be embedded in the VSC where overcurrent is directly protected. However, the injected
power to the grid is not directly controlled. Moreover, the grid currents are susceptible to
grid voltage harmonics [27]. Therefore, the grid currents are used for the feedback signals
to directly control the injected power. The per-phase transfer function of the LCL filter is
given by

ig(S) SCfRf + 1
Grer(t) = 205 = 3 3 : (11)
1(5) CleLZS +Cf(L1+L2)RfS +Cf(L1 +L2)S
This yields the resonant frequency of the LCL filter frcy as
1
freL = (12)

2 (LLlljfz ) Cf '

For the inherent damping, the sampling frequency f; and the resonant frequency of
the LCL filter f7cr have to satisfy the stability criterion given by [28]

% <frer < % (13)

Table 2 lists the key parameters of the VSC and the LCL filter in this study. This LCL
filter is inherited damped by the inductor winding resistances Ry and Ry, and the capacitor
equivalent series resistance Rj. This results in a resonant frequency of
frcr = 5245 Hz which satisfies the stability criterion in (13). Passive, active, or hybrid
damping techniques can be used to further improve control stability with the presence of
large grid impedance [29].

Table 2. Parameters of the VSC.

Parameters Value
Nominal grid voltage Three-phase 380 V line-line 50 Hz

Nominal power 5 kVA
Nominal DC bus voltage 650V
DC bus capacitor, Cp 780 uF
Switching frequency, fsw 10 kHz
Sampling frequency, f5 20 kHz
DC bus resistor, Rp 94 k()
Converter-side inductor, L1 1.4mH
Winding resistance of Ly, Ry 01102
Grid-side inductor, 1, 0.7 mH
Winding resistance of L,, Ry 0.042 )
Filter capacitor, Cf 1.94 uF
Series resistor, R £ 0.001 O

Base voltage, V3 311V
Base current, I 1074 A
Base impedance, Z3 28.88 ()

3. Modeling of the LCL-Filtered VSC
3.1. Switched Circuit Modeling of the Power Circuit

Figure 6 displays the equivalent circuit of the VSC. Resistors Ry and Ry are the winding
resistance of the inductors L and L. Resistors Ry are the equivalent series resistance of
the capacitors Cf plus the series damping resistance of the LCL filter. Resistor Rp is the
effective DC bus capacitance of the DC bus voltage sensor and the discharging resistor.
The semiconductor switches are represented by switches S;, S, and S.. The status of
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each switch is represented by “1” for the closed state and “0” for the opened state. The
complementary switches S, Sy, and S, operate opposite 5;, 5y, and S.. Therefore, there
are eight possible output states of the VSC. There are three reference points: m, n, and o.
The DC bus current i, is supplied or drawn by another converter, which is positive for the
inverting mode and negative for the rectifying mode.

W® [

Figure 6, Equivalent circuit of the three-phase grid-connected VSC with the LCL filter.

The grid currents ig,, igb/ and ig; can be written as follows

di, .
LZ% - (vFa,m + Umn) —Ugan — Rﬂgu
7 ,
Lo~ = (@rpm + Vpn) — Vgon — Rolgy (14

di .
LZ% = (ch,m + Umn) — Ugcn — Rﬂgc

where U, , Uppm, and Vrg,, are the voltages across the filter capacitor Cf and the series
resistor Ry with respect to point m, which are given by

Vram = Vcfa + Ry lige — ira)
Vrbm = Uopp + Ry gy — i . (15)
UFem = VCfe + Rf (igc - ilc)

The voltages across the filter capacitor Cf, vcy,, Dcgp, and Ucg, are determined from

p a iga - iIﬂ

v . .

Cfddtf =igp—ipp (- (16}
e .

Cr—i~ = e — ik

The VSC currents iy, ip, and iy, are given by

di, .
Ly dh = ('UIa,a + Uam) — Ufam — Ryifg
—_— —

Tlam
di, .
15 = (Wips + Vom) — VEpm — Riiny 1
N

5 Vlbm

; ,

L] e = (‘Ulc,a + vom) — Ufem — Rlllc
dat

~

Vlem

where the VSC voltages vy, D1p 0, and 0., with respect to point 0 depends on the switching
states as follows
Vige — S.up
Vo = 50D - (18)
Plco — SCUD
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For the balanced three-phase three-wire system, ogqn + Vg T Ugen = 0,
VFam + Orhm + PFem = O, dga + igb +ige = O and i, +ip + i = 0, which results in

D = 0. (19)

Thus, the grid currents can be written as follows

di .
LZ% = Ufam — Ugam — Rzlgu
4 )
Lo—4F = Orpm — Vgpn — Roigy - (20

di, .
Lo dé: = UFcm — Ugen — R21gc

Adding the sub-equations of (17) together, the common mode voltage Uy is ex-
pressed as

v
Vom = f?D(sﬂ + 8 +Se). 21

This common-mode voltage v, intrinsically exists in the two-level V5C due to limited
switching states, which creates a leakage current through the parasitic capacitance between
the DC bus and the neutral points of the system. The VSC currents iy,, ijp, and iz are
driven by the differential mode voltages ¥4, V1 . and vrc  between the VSC legs and
the neutral point m of the capacitor bank, which can be written as

Ll d;? = vD(Zsﬂ - Sb - SC)/?’ +7)Fu,m - Rlilu
————

Tlam
L% = vp(25, — Sa— 50) /3 + vppm — Ruiny -
—
i Vibm
Ly % = op(25c — Su — 3)/3 + Vpem — Ruise
N—— ——
Vlem
The VSC DC current ip is written as
ip =115, +ipSp +irSe. (23)

If the DC bus is connected to another converter buffered by the DC bus capacitor Cp,
the DC bus voltage @p is then modeled as

cpR :iofigf%. (24)

Figure 7a displays the VSC and LCL filter model developed in the MATLAB/Simulink
environment, where (15), (16), (20), (22), and (23) are implemented. This model is valid
when the DC bus voltage is greater than the peak value of the line-to-line grid voltage
Vii. The signal EN is used for the enable (EN = 1) and disable (EN = 0) VSC operation.
If the VSC is disabled and vp > Vip, the VSC currents iy, iy, and i}, are kept reset at
zero. Meanwhile, the grid currents ig,, igb, and iy circulate through L, Ro, Cf, and Rf. At
the enable time #ry, the switching signals S;, 5, and S, are enabled and the VSC is fully
operated. Figure 7b shows the MATLAB/Simulink model of the DC bus voltage vp in (24),
which is kept reset while the VSC is disabled. For the single-stage topology where the V5C

is connected to a voltage source, the DC bus voltage equation in (24) is neglected.
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Figure 7. MATLAB/Simulink model: (a) the V5C and LCL filter; (b) the DC bus voltage.

3.2, Awvevaged Civeuit Modeling and Curvent Controller Design

The trequency response of the LCL filter below its resonant frequency is similar to
that of the L filter [30]. Moreowver, the control bandwidth is selected below the resonant
frequency of the LCL filter. Thus, the LCL filter can be approximated as the L filter for
design of the current controller, The grid currents can be simplified as

o, .
Li‘_gti + Rtlga =Vlan — Vgan
i )
Lt?g;i + Ri‘ng =TUlhn — Vb (25)

-] )
Li‘j%E + Ri"gc = Ulem — Ugem

where Lt = Ly + Lg, B¢ = K1 + Ry, The VSC voltages are written by

Uram Ula s
Ul n = U m + Uriara (26)
Ulen Ulem
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According to (19) 9s = 0, the grid currents in (25) become
Fya .
L= + Rilga = Vigm — Ugan
di, .
Ly + Rilgy = gy = Vg (- @7)

di, .
Lt% + Rtlgc = Vlean — vgc,n

The variables in (26) are averaged over a sampling period T; = f; for continuous-time
domain approximation, which becomes

Lf% + Riﬁgﬂ) <7]1a,m> - <773a,n>
Ly dib + Ri({g’b) = <U1b,m> - <vgb,n> (28)
Lf% + Ri<igC> <U1c,m> - <vgc,n>

where the brackets ’{ }” represent the variables averaged over T;. Equation (28) is scaled
into the per-unit scale using the base voltage Vg = IpZp where Ip is the base current and
Zp is the base impedance, which yields

<U/lu,m> - <7);aﬂ>
<v;b,m> - <v;b,n> (29)

Ok — (Tgen)

aiy,) ;
Llé d‘%b +R;<1g17>

alil,) .
L= + Ridige)

a "R .
1% 4 Ry
!

where symbols ‘ /” denotes variables in the per-unit scale, and L; =L/ Zgand R{ =Ry/7Zp.
The grid currents in (29) are transformed to the synchronous reference frame, dq axes,

which results in )
d<’§d>

Li=4= + Riliyy) = (o) — U + ol ligy)
1 i) i ! IfPVj ’ 0)
Li=ai + Riligg) = (01 +3i%5<1gd>
Krw

Figure 8 shows the equivalent control block diagram of the grid current in the syn-
chronous reference frame with the per-unit scale. Note that the cross-coupling terms
Krw = wlj are due to the Park transformation, which can be decoupled in the control
scheme. The delay terms e~*"# represent the sampling delay caused by the digital control
scheme and the transport delay caused by the PWM process, where T; = 2T for the double
update rate PWM is shown in Figure 5 [31]. The decoupled terms leave the currents iéd
and i(/gq are separately controlled. The PI regulator for the fundamental component current
is initially designed in the continuous-time domain. The parameters Kj;, for the resonant
controllers are then selected in proportion to the integral gain K;;. According to the design
methodology in [31], the PI regulator parameters are selected as follows

Kp ~ Wci,max]-’; (31)
2
W

K =~ ml’gmx L (32)

wherte (0;; 4 18 the possible maximum cross-over frequency at a given phase margin ¢,,;.
The cross-over frequency we; s is given by

w :77/2*¢m1"

cimax Td (33)
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Figure 8, Equivalent block diagram of the grid current in the synchronous reference frame.

Figure %a shows the frequency response of the simplified open-loop transfer function
with the PI controller and the PIMR controller. The target phase margin is set at ¢,; = 60
with the VSC parameter in Table 1, which results in e = 2m(1111) rad/s. The
PI controller parameters K, and Kj; are determined from (31) and (32). The resonant
controllers, orders 6th and 12th, are added to compensate the voltage harmonics, orders
5th, 7th, 11th, and 13th, whose resonant gains are set at K;; = Kjj5 = K;; /3. For the PI
controller, the DC loop gain of 100 dB is large enough to track the reference currents with a
zero steady-state error. However, the loop gains at 300 Hz and 600 Hz are considerably low
to reject the voltage harmonic disturbances. For the PIMR controller, the DC loop gain and
the loop gains at 300 Hz and 600 Hz are greater than 100 dB. The phase margin ¢,; = 50" of
the system with the PIMR controller is still large enough to guarantee the control stability.
The actual cross-over frequency w; = 2(1120) rad/s is close to the desired value.

The current controller is designed based on the simplified model. Stability assessment
is necessary before implementation. The stationary reference frame equivalence of the
current controller given in (9) and the transfer function of the LCL filter in (11) are used in
the open-loop transfer function G5(s) in the stationary reference frame which is written as

Ga(s) = Gals) %E‘ST‘T Grer(s) (34)
Contm!i‘ervsc&P' WMLCL filter

Figure 9b depicts the frequency response of Gj(s) in the stationary reference frame,
where there are three cross-over frequencies wyq, we, and we. The cross-over frequency
near the loop bandwidth w,q = 271(1300) rad/s slightly shifts from that in the synchronous
reference frame due to the presence of the 13th-harmonic peak gain. The phase margin
¢Pm1 = 387 at wyy is still large enough to guarantee control stability. The other two cross-over
frequendies wy = 271(4400) rad/s and w = 271(5760) rad /s occur around the resonant
frequency of the LCL filter wy ¢y, of which phase margins ¢, = 36° and ¢,,3 = 110° satisfy
the stability criterion for the inherent damping of the LCL filter with grid-current feedback
control [28].
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Figure 9. Frequency response of the current control loop: (a) simplified open-loop transfer function
in synchronous reference frame with the PI controller (black) and the PIMR controller (red); (b) open-

loop transfer function in the stationary reference frame.

4. Simulation
4.1. Simulation Structure

Figure 10 shows the simulation model developed in the MATLAB/Simulink envi-
ronment. The simulation model emulates the experimental system, which is divided into
2 sections: continuous-time domain and discrete-time domain. The continuous-time do-
main represents the three-phase grid and the VSC power circuits with the switching signals
S4 Sp,and S; as the inputs, where the switched-circuit model of the V5SC and the LCL filter
shown in Figure 7a is adopted. The single-stage topology is considered in this study where
the DC bus voltage is supplied by a constant voltage source Vp. The DC bus model in
Figure 7b is neglected.
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Figure 10. MATLAB/Simulink model of the discrete-time controlled 3-phase grid-connected VSC.

The discrete-time domain section emulates the control scheme depicted in Figure 3
The grid voltages vy, and Vs and grid currents ip; and igb are scaled by the base voltage
Vp and base current Ig. Then, they are sampled by the ZOHs at the time instance k with
the period of T;. This process represents the beginning of each ISR as shown in Figure 5.
The discrete-time algorithms for PLL, reference frame transformations, dg-axes current
control, and the continuous SVM [32] are written in a MATLAB m file, which is executed
every sampling period T; by the interpreted MATLAB function block as shown in Figure 10.
The outputs of this interpreted MATLAB function block are the duty ratios d,(k), dp(k),
and d.(k), which are delayed by T;. This causes the duty ratios da(k), dp(k), and d:(k)
to be updated at the time instance k 4 1 to compare with the triangular waveform. This
waveform has the switching period Ts; similar to that in Figure 5, which emulates the PWM
process in the DSP. Thus, the controller parameters used in the simulation can be directly
transferred to the experimental system if they use the same base units. The variable-step
solver ODE45 with the maximum step size of T; /400 = 125 ns was selected in the Simulink
setting. The proposed simulation model developed in the MATLAB/Simulink 2020b is
provided in [33].

4.2, Discrete-Time Control Scheme

Figure 11 shows the Park- based PLL the discrete-time domain used for grid synchro-
nization. The grid voltages Ugu, gb, and Uéc are transformed to the #f axes using the Clarke
transformation. The Park transformation converts the grid voltages to the dq axes, Uéd and
U;q, which are cleaned by the low-pass filters with the constant Tpy; for the distorted grid

voltage. The integrator with a gain of the nominal grid frequency wy, estimates the grid
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voltage angle 0 for the Park transformation. The Pl controller regulates the g-axis voltage
o' . toward zero, which forces §§ = ¢, & = w/wgy , and Uédf = Vg’. The loop regulator is
designed in the continuous-time domain using the symmetrical optimum (SO) method [34].
For simplicity, the low-pass filters and the Pl regulators are discretized using the backward
difference approximation because the sampling frequency is much greater than the PLL
bandwidth. The coefficient for the low-pass filters in the discrete-time domain is given by

T

_— 35
Ts+ Tp1r (82)

&pLL =

Xpss
1—(1—apy)zt

Cprr )
1—(1—ap)z?

1599 |oypass fiter

Pl Controller G2}

Figure 11. Park-based phase-locked loop in the discrete-time domain for grid synchronization.

The saturation limit on the PI regulator output with an anti-windup is implemented
through the correction gain K.pry which is usually twice the integral gain Kypj; [35].
Meanwhile, the integrator for estimation of the grid voltage angle 8 is discretized with the
Tustin approximation with the lowest error. The estimated angle # is then used for the axis
transformations.

Figure 12 illustrates the discrete-time structure of the PIMR controller for control of
the dq axes currents with the controller parameters obtained from the previous section. The
PI controller for the fundamental component current is discretized using the backward
difference approximation. Anti-windup is also implemented with the correction gain
K,. For the resonant regulators, the forward difference approximation is used for the
forward integrator, and the backward difference approximation is adopted for the feedback
integrator [36]. This discretization technique is simple and does not create algebraic loops.
The resonant frequency of the discrete controller is shifted from that in the continuous-
time domain, especially at a higher frequency. However, it was analyzed in our previous
work [37] that the shifted resonant frequency is marginal and creates an insignificant effect
on the control performance. The two integrators can be discretized with the backward
difference with an added one-step delay in the feedback path [36]. Discretization of
both with the Tustin approximation causes a large shift of the resonant peak and poses
implementation problems due to algebraic loops [36]. The resonant frequencies at the
harmonic orders 6th and 12th are kept tuned with the estimated frequency &’ from PLL for
grid frequency adaptation. The fundamental current control has the intrinsic frequency
adaptation capability through the Park transformation. Table 3 summarizes the parameters

of the PLL and PIMR controller parameters.
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Figure 12. Discrete-time implementation of the PIMR controller.
Table 3. Parameters of the discrete-time controllers.
Parameters PLL dg Current Control
Bandwidth 61.3 Hz 1111 Hz
Phase margin 45° 60°
Proportional gain, Kp 1.2247 0.4922
Integral gain, K;Ts 0.0096 0.0172
Correction gain, K¢ 0.0192 0.0344
Resonant gains, Ky and Kyq2 - 114.5518

Low-pass filter, & 0.0045 -

5. Implementations

Figure 13 illustrates the experimental system. The power circuit was firstly mod-
eled in an OPAL-RT OP4510 HiL real-time simulator with a time step of 220 ns to vali-
date the discrete-time control scheme, which was implemented on a Texas Instruments
TMS320F28379D 32-bit DSP controller as shown in Figure 13a. The emulated grid volt-
ages and currents in the HiL system had the identical sensitivities to those used in the
hardware implementation system as depicted in Figure 13b. A deadtime of 1 us in each
V5C leg was configured in the DSE. The V5C was constructed from Infineon IKW25T120
insulated-gate bipolar transistors (IGBTs) with isolated gate drivers from Texas Instru-
ments [SO5851. Amorphous C cores (AMCC6.3 equivalence) were used for the construc-
tion of the inductors L; and Ly of the LCL filter. The VSC was connected to a Chroma
61,860 60-kVA grid simulator. The DC bus was supplied to a Chroma 62150H-1000S DC
power supply, 15 kW 0-1000 V, for the inverter operation. The discrete-time control scheme
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for the hardwate implementation was identical to the HiL-based validation system. The
ADC voltage range of this DSP is between 0 V to 3 V. Hall-effect curtent sensors, LEM
HLSR 10-F/SF33, were used for measurement of the grid currents iy, and ig,. The grid
voltage sensots were constructed from voltage divider circuits with AMCI1200 isolation
amplifiers. In this prototype, the line-to-line voltages v,z and vy, were measured, of
which the instantaneous voltage vector was shifted by —pi/é to be in the same angle with
the instantaneous voltage vector of the phase voltage vector. A voltage reference, REF2030,
provided a 1.50 V offset voltage for the grid current and grid voltage sensots,

OPAL-RT OP4510 HiL RealTime Simubior

D 8-Cl Oscilloseope
KOGAWA DLM4038

FEMBBRBED

DC Power Supply,

LCL Filter
. Chroma 62 150H- 1008

Voltnge Sowrce
Lonverter

6350V

e -
60-kVA Regenerative Grid
Simularor, Chroma 61860

,_Grid Voltage & Current Sensor DSP & Bulfer

(b)

Figure 13, Experimental system of the three-phase VSC: (a) HiL-based implementation; (b) hard-
ware implementation.

The measured voltages and cutrents were scaled into the pet-unit system with the
appropriate scaling factors as illustrated in Figure 14. In this example, a gtid current with
the peak value of Ip is measured by a cutrent sensor with the sensitivity of Ky An offset
voltage Vor; is added to the sensor output to accommodate the 0-Vapemax input range
of the ADC, where Vapcax is the maximum input voltage of the ADC, normally 3 V
or 3.3 V. This translates to decitmal values of 0 to (ZNADC - 1), where Napc is the ADC
bit numbet. The ADC output that is equivalent in decimal is then normalized by 2/4pc,
The offset is now equivalent to Vor;/ Vapcmax, which is subsequently removed in the
software. The notmalized sighal with offset removal is multiplied by a scaling factor to
have a unity amplitude at the base value. The numetical notation in the DSP can be in the
sighed fixed-point representation or the floating-point format. Scaling of the grid voltage
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has the same process as the grid current. No offset removal is required for the DC bus
voltage, while the other procedures are similar to those of the grid voltage and current. In
general, the signal scaling factor is given by

VADC,mux (36)
(Sensor Senitivity) x (Base Value)”

s =

<——  Sensor DSP
Actual signal Sensor output ADC output ‘ Normalization and offset removal | Per unit scaling
N
Ve max 2Nanc — 1 2Napc —
2Nanc

[\j Vor.i

1
Knihy ( Krily )zw K“n,
Vaoemar
( l/[” i )ZN Y ADC ma VIU( max (}
V‘UN Jmax

_Vori
11” max

y’?—’»—’ﬁ.*x—’@_’

Vﬂl't

2Nanc
Vor.i

VAW max
Figure 14. Grid current conversion and scaling process for the experimental system.

The discrete-time control algorithm implemented in the MATLAB m file was manually
translated to the C language for the DSP with the same controller parameters. Thus, the
simulation and the experiment are closely related. However, there is a code generation
tool for this DSP family with an additional licensing cost. The internal signals of the
discrete-time control scheme implemented on the DS were converted to 0-3.0 V analog
signals via two embedded 12-bit digital-to-analog converters (DACs) for monitoring on
an oscilloscope.

6. Simulation and Experimental Validations
The DC bus was connected to the Chroma 62150H-10005 DC power supply with

vp = 700 V. The grid voltage waveforms were set to be sinusoidal at the nominal phase
voltage of 230 V, 50 Hz. The PI controllers for the fundamental component were enabled
without the harmonic compensators. The reference currents were set to iéd vef = 1.0 p.u.

and 7 = 0 p.u. This caused the VSC to inject an active power of 5 kW into the grid.

7€

A mm?ﬂaftlon platform 1 of the VSC was developed in the Simscape Electrical of the
MATLAB/Simulink 2020b, which is provided in [33]. Figure 15 compares the experiment
and simulation results for the VSC-side currents iy, i, and iy, and the grid currents ig,,
ig;,, and ig.. It can be observed the experimental VSC-side currents iz, i, and iy of the Hil
and hardware implementations have the current envelops due to the switching in close
agreement with those of the proposed simulation method and the simulation platform 1.
This confirms that the switched circuit modeling technique is applicable for the proposed
platform. The waveforms of the experimental and simulation grid currents igg, ig;,, and igc
are near sinusoidal as the LCL filter absorbs the switching current ripples.
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Figure 15. Simulation and experimental results of the VSC without the harmonic compensators under
the sinusoidal voltages: (a) Proposed simulation method and simulation platform 1; (b) Hil-based

experiment and hardware implementation.

Voltage harmonics listed in Table 4 were added to the fundamental component, which
resulted in a total harmonic distortion (THD) of 4.69%. Figure 16 shows the grid voltages
and the grid currents without the harmonic compensators (HC). The experimental results
from the HilL. and hardware implementations closely agree with the proposed simulation
method and simulation platform 1. The grid voltage harmonics make the grid currents
even more distorted with a THD of 10.84%. The PIMR controller was adopted for control
of the VSC under the distorted grid. The PIMR controller is capable of mitigating the grid
voltage distortion as depicted in Figure 17. The grid current waveforms in the steady state
are near sinusoidal. The control performance is maintained when the frequency changes
from 47 Hz to 50 Hz and from 50 Hz to 52 Hz through the estimated frequency &' from the
PLL. This is the allowable frequency range for a VSC connected to the Thailand low-voltage
grid [38]. Figure 18 compares the current harmonic spectrum of the VSC at the nominal
power of 5 kW under the distorted grid voltage. For the PI controller without the HCs,
the current harmonics, orders 5th and 7th, exceed the IEEE 1547 standard [39] and there is
a significant presence of orders 11th and 13th, which reflects the grid voltage harmonics.
Moreover, the 2nd harmonic current also exceeds the IEEE 1547 standard, which is believed
to be due to DC offsets in the current measurement [40]. The PIMR controller effectively
suppresses the grid voltage harmonics as the current harmonic orders 5th, 7th, 11th, and
13th are attenuated close to zero. The grid current with the PIMR controller has a THD of
1.08% and complies with the IEEE 1547 standard.
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Table 4. Lineneutral voltage harmonics.
%] Vs Vo 11 Vs THD
220%rms 4% 2% 1% 1% 4 E9%

Il

S

. Eﬁberimenf

Figure 16, Simulation and experimental results of the ¥5C without theharmenic compensators under
the distorted voltages,
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Figure 17, Simulation and experimental results of the V5C with the PIME controller under the
distorted voltages and frequency changes,
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Figure 18, Current harmonic spectrum of the VSC at the nominal power of 5 kW under the dis-
torted grid.

Dynamic performance of the VSC with the PIMR control scheme was validated with
step changes in the reference currents as shown in Figure 19. The reference currents are
initially set to i;d,ref = 0pu and i/gq,yef =0 p.u.; the reference currents are changed to
iéd,ref = 0.7 p.u. and iéq’mf =0 p.u, and iéd’mf = iéwﬂf = 0.7 p.u., respectively. The
experimental results of the grid currents at the steady-state conditions again are close
to the proposed simulation method and simulation platform 1. The rising slope of the
experimental io, and i for the Hil and hardware implementations at the step changes of
the reference currents as circled in Figure 19 are slightly lower than that of the simulation.
This is believed to be due to voltage drops in the IGBTs and the grid simulator’s internal
impedance, which were neglected in the simulation.

It is demonstrated that the proposed simulation technique mimics the converter and
control scheme very closely. The results of the proposed simulation technique closely
agreed with the results of the simulation platform 1 using the Simscape Electrical toolboxes
in the MATLAB/Simulink 2020b, and with the experimental results of the Hil. and hard-
ware implementations. The discrete-time control scheme implemented in the interpreted
MATLAB function can be easily translated to the C-code for the DSF, from which expensive
RCP systems and Simulink coding toolboxes are not required. Furthermore, a Hil sim-
ulator is not necessary for the development of a low-power V5C (say up to 20 kW). This
platform can be applied to other topologies. Our previous works in interleaved DC-DC
converters [41], single-phase stand-alone inverter [42], and single-phase grid-connected
VSCs [37,43] were developed using the proposed platform. However, validation of the
control scheme with a HiL simulator or a laboratory-scale VSC is a normal practice for the
development of a large power converter.
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Figure 19, Transient performance of the VEC with the PIME controller.
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7. Conclusions

We propose a simulation technique that emulates the DSP-based control operation
of the grid-connected converters. The key features of the proposed platform can be listed
as follows.

¢ Switched-circuit modeling of the power circuit is simulated in the continuous-time
domain with the physical unit scale.

¢  The discrete-time control scheme in the per-unit scale is written in a MATLAB m file
function which is executed in synchronous with the switching period.

¢ The m-file script is then easily translated to the C code for the TMS320F28379D DSP
with the same controller parameters.

The proportional-integral with multi-resonant controllers at harmonic orders 6th
and 12th in the synchronous reference frame was selected in the study to attenuate the
grid voltage harmonics. The proposed platform was validated with an OPAL-RT OP4510
HilL real-time simulator and with 5-kVA 3-phase LCLfiltered grid-connected VSC. The
experimental results from the Hil. simulator and the VSC closely agree with the simulation.
The multi-resonant controllers were found to effectively suppress the grid voltage harmonic
orders 5th, 7th, 11th, and 13th with the THD of 4.69%. The grid current was found to comply
with the IEEE 1547 standard with the THD of 1.08%. The proposed platform requires a
basic package of MATLAB/Simulink without dedicated power electronic toolboxes and
real-time prototyping systems.
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Nomenclature

ADC  Analog-to-digital converter
DAC  Digital-to-analog converter

DSP Digital signal processor

FPGA  Field-programmable gate array
HC Harmonic controller

HiL Hardware in the loop

IGBT  Insulated-gate bipolar transistor
ISR Interrupt service routine
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MR Multiple resonant

PI Proportional-integral

PIMR Proportional-integral plus multi-resonant
PLL Phase-locked loop

PWM Pulse width modulation

RCP Rapid control prototyping

50 Symmetrical optimum

SVM Space vector modulation

VsC Voltage source converter

ZOH Zero-order hold

uC Microcontroller

da, dy, and d; Duty ratios

fs Sampling frequency

Foro Switching frequency

ficr Resonant frequency of the LCL filter
ip VYSC DC current

1o, igb, and fg.
11a, Ty, and i,

Grid currents
VSC currents

i DC bus current

Sa, Sy, and S VSC switching signals
Ta PWM delay time

Ts Sampling period

Tow Switching period

vp DC bus voltage

Urq, vpp and vp,  LCL filter voltages
Uga, Ugp and vge  Grid voltages

Ola, Upp and vg

VSC terminal voltages

0 Angle of the grid voltage

Pomi Phase margin

w Grid angular frequency

Wi Cross-over frequency

Wen Nominal grid angular frequency
Subscripts

dand g Signals in the synchronous reference frame
ref Refence signals

aand B Signals in the stationary reference frame
Superscripts

! Signals in the per unit scale

Symbols

& Peak value or estimated value

£

averaged variables over T
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ARTICLE INFO ABSTRACT

Keywords: This paper presents an implementation methodology for a current harmonic compensation technique of three-
Multi-resonant controllers (MR) phase grid-connected voltage-source converter (VSC), which was applied under the grid voltage distortion and
M“"J'Pll]e synchronous reference frame (MSR) frequency variation. The proportional-integral plus multi-resonant controllers (PIMR) were used to mitigate
controllers

the high-order harmonic current. The harmonic compensators were used in the synchronous reference frame

at harmonic orders 6th and 12th for suppression of the grid voltage harmonic orders 5th, 7th, 11th, and
Voltage-source converter (VSC) R B 5 i . s 2
Hardware-in-the-loop (HiL) 13th with a total harmonic distortion of 4.69%. The PIMR controller was transformed to the discrete-time
LCL filter domain and implemented on a TMS320F28379D digital signal processor. The PIMR controller was compared
with the conventional multiple synchronous reference frame (PIMSR) controller. The two control schemes were
validated with a hardware-in-the-loop (HiL) and with a 5 kW three-phase LCL-filtered grid-connected VSC. The
PIMR and PIMSR controllers exhibited excellent harmonic rejection on the grid current with a total harmonic
distortion close to 1%, which complied with the IEEE 1547 standard. The grid current can track the reference
command with a fast dynamic response. Moreover, the PIMR controller consumed a computational time of
1.625 ps, 35% of the PIMSR controller.

Harmonic compensators (HCs)

1. Introduction However, grid voltage harmonics are the disturbances of the VSC'os
grid current control loop, which distorts the VSC currents injected

Distributed generation (DG) powered by renewable energy sources into the grid. Furthermore, the grid current harmonics become more
has gained more popularity due to the limited fossil fuel sources. pronounced when the frequency deviates from the nominal grid fre-
Power electronic converters have been the crucial parts in interfacing quency [11,12]. Thus, harmonic current (HC) controllers with a fre-

DG with renewable energy resources [1-5]. Voltage-source converters quency adaptation capability are essential for the VSC operated under
(VSCs) are the most popular topology in DG systems for AC-DC power grid voltage distortion.

conversion with a bidirectional power flow. The VSCs play a vital Proportional-integral (P) regulators implemented on the synchr-
onous reference frame are widely employed in the VSC current control
thanks to the zero-steady state error, power decoupled capability, and
adaptation with the inherent grid frequency through the axis transfor-
mations [13-16]. However, the grid current waveforms distort when
the grid voltages contain harmonic components. Therefore, integral
regulators on the multiple synchronous reference frames at selective
harmonic frequencies implemented in parallel with the fundamental
controller successfully attenuate the grid voltage harmonics [17,18].
This multiple synchronous reference frame control is herein called
the PIMSR control, which has been reported in the active power fil-
ter [17,19-23], grid-forming inverter [24], and grid-connected inverter
applications [25,26]. However, the PIMSR control requires a large

role in low voltage grid-connected applications such as photovoltaic
grid-connected inverters [6], EV chargers [7], battery energy storage
systems, and active power filters. Meanwhile, the increasing energy
demand has imposed problems on the grid, such as grid stability and
power quality. Moreover, nonlinear loads such as diode/thyristor rec-
tifiers cause power quality problems due to harmonic currents injected
into the grid, which causes voltage distortions at the point of common
coupling (PCC) due to the presence of the grid impedance. This effect
is significantly prominent if the nonlinear loads are connected far from
the distributed transformer [8,9].

The VSC is usually controlled to feed currents with low-order har-
monics in compliance with standards such as IEEE 1547-2018 [10].
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Fig. 1. Diagram of a three-phase grid-connected voltage-source converter with the harmonic compensation of the currest control loop.

number of axis transformations, which poses a heavy computational
burden on a digital signal processor (DSP) [17,25].
Proportional-resonant {PR) regulators implemented on the station-
ary reference frame are also widely employed in the VSC current
control loop, which provides a zero steady-state error [27-30], The PR
controllers are used for the control of both the single-phase system and
the three-phase systemn [11,27,31]. This stationary frame PR control
demands a low computation resource, The PR regulator has to be
implemented with a damping coefficient to maintain the control perfor-
mance with the variable grid frequency [32]. Therefore, the resonant
regulator with the double integrator structure is adopted to adapt the
resonant frequency with the grid frequency employing the estimated
frequency from the phased-locked loop (PLL) [33-35]. However, the
current components in the stationary frame with the PR control lack the
instantaneous active and reactive power extraction capability, which
requires an additional power caleulation scheme, Selective harmonic
mitigation is achieved by adding multiple resonant controllers in par-
allel with the fundamental component controller, which is herein called
the proportional-multiple-resonant (PMR) controller. A repetitive con-
troller (RC) based on the intemal model principle is another stationary
reference frame controller suitable for periodic signals. The RC con-
troller is equivalent to a set of multiple resonant regulators, which has
been applied for the single-phase and three-phase VSCs [11,26,37].
However, frequency adaptation capability is the main drawback of
the RC regulator. Therefore, complicated measures such as multi-rate
sampling techniques or using Lagrange interpolating-polynomial-based
filters have been proposed for the RC regulator [11].
Proportional-integral plus multi-resonant (PIMR) controllers imple-
mented on the synchronous reference frame were proposed in [27].
The PI controllers in the dg-frame regulate the fundamental component

currents. Meanwhile, the harmonic components (1+4) in the stationary
reference frame are translated to orders +% in the synchronous refer-
ence frame, where i = 6,12, - .. Each resonant controller regulates the
input signal both in the positive and negative sequences, Therefore, the
PIMR control scheme employs a smaller number of resonant regulators
than the PMR scheme on the stationary reference frame. Moreover, the
power decoupling property is preserved due to the implementation in
the synchronous reference frame. The frequency adaptation capability
is also maintained if the resonant controllers are implemented with the
double-integrator structure.

This paper evaluates the implementation and control performance
of the PIMR controllers on the synchronous reference frame for current
control of the three-phase grid-connected LCL-filtered VSC under grid
voltage distortion and grid frequency variation as shown in Fig. 1.
Controller design, stability analysis, and discrete-time implementation
are elaborated. The PIMR control scheme was compared with the
conventional PIMSR control method. The two control schemes were
both implemented on a 32-bit TMS320F28379D microcontroller. Com-
putational burdens of the two control schemes on the TMS320F28379D
microcontroller were estimated. A hardware-in-the-loop {HiL) real-time
simulator and a 5-kKVA insulated-gate bipolar transistor (IGBT) VSC
validated the performance of the PIMR and PIMSR control systems.

2. Implementation of current control techniques for three-phase
VSC

2.1. Proportional-integral plus multi-resonarnt (PIMR) controllers

The PIMR control scheme in Fig. Z(a) shown the dg-frame current
controllers G,, which is used to control the d¢-frame current z;d
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Fig. 2. The grid current control schemes used in this study. (a} PIMR scheme. (b} PIMSR scheme.

and #,,. The superscript /" denotes the signals in p.u. scale. The
proportional-integral (PI) controller regulates the DC quantities caused
by the transformation of the fundamental component currents into the
d g-axes. The multi-resonant (MR} controllers regulate the AC quantities
of both negative and positive sequence components in dg-frame [27,
32], which is used to eliminate harmonic currents caused by the dis-
torted grid voltage. The PIMR transfer function in the continuous-time

domain is given by

K, Kops
Gale) =K+ 2+ Y %hz b
. p=b12,... s* + (ha,,)
Gpols) —
Grals)

where K, and K,; are the proportional and integral gains of the
fundamental component controller, K, is the resonant gain of each
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Fig. 3. The double integrator structure of resonant controller in continuous
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HC, and e, is the nominal grid frequency. The stationary frame equiv-
alence (7,(s) of the synchronous reference frame controller G,,(s) is
determined from

Gopls) = Goyls + Joog) + Goys — jooy,). 2)

Substitution of (1} into (2) leads to

2K, K.,3
=K+ g i :
< P4 wi h:azl;,m 24+ (1+ h)zwi
—_——M -

Gl ()

@

The fundamental component controller Gfﬂ (s) of (3) regulates the fun-
damental component currents. Meanwhile, the HCs GZ, (s) suppress the
grid voltage harmonic orders (1+4) of the balanced three-phase system.

2.2, Proportional-integral plus multiple synchronous reference frame (PIM -
SR) comtrollers

Fig. 2(b) shows the PIMSR control structure, which has the same
characteristic as the PIMR controller in the stationary frame [27]. The
PIMSR scherne has a fundamental current controller identical to that of
the PIMR control scheme. However, the selective HCs are implemented
with the integral regulators in the synchronous reference frames cor-
responding to the grid voltage harmonic components [17,19-23]. As
seen in Fig. 2(b), the reference currents z"gdﬂf and z"gqﬂf, obtained
from the active and reactive power commands, are converted to the
stationary reference frame by the inverse Park transformation for the
harmonic compensators. The reference currents ¢/ is obtained from
the reactive power control loop or by setting A ;mf = 0 for a unity
power factor. The grid currents léa and z; 5 are getermined from two
grid current sensors using the Clarke transformation as follows z"ga = z;a,
l"gﬁ = (t"ga + Qtéb)/\/g. Then, the grid current errors in the p-axes
are converted into the dg-axes again using both the positive-sequence
and negative-sequence transformations at the harmonic orders (1 + )
using the grid angles (1 + )9 obtained from PLL. The de component
errors of each order in the dg-axes are then compensated by the
integral regulators on the multiple synchronous reference frames at
the selective harmonic frequencies. The integral regulator’s outputs
are transformed to the stationary reference frame using inverse Park
transformation. Finally, the VSC reference voltage of the harmonic
compensators v, frop 8T€ obtained by adding together all the integral
regulators given by

af ! ! f ! Re
VHCeprer = Z <Uhmr¢f + JUh/mf) = Z (Uhd,ref + ﬂ)hg,nf) e
w57 =57,

)

The reference voltages in the & f-frame of the harmonic compensators
are then combined with those of the fundamental component con-
troller.
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2.3. Current controller design

The PIMR and PIMSR control schemes are identical in the stationary
reference frame. Thus, they can apply the same control design method-
ology. In this study, the fundamental component controller is designed
in the frequency domain using the design methodology in [38]. The
stationary frame open-loop transfer function of the LCL-filtered VSC can
be written as

V;
Gj(s) = Giz@) '%eiﬂ‘i Grerls) (5)

— -
Controller ygeepywnr LCLAfilter

where Gz (s) is the transfer function of the LCL filter given by
Loabe sC,Rp+1

el sy = = ]
2248 Urape  CLyLos?+ Co(Ly + LR 52 + Co(Ly + Ly)s

The loop bandwidth is normally chosen to be lower than the resonant

frequency of the LCL filter. Thus, the LCL filter can be simplified as the

L filter below [29]

1

G .
rer () SL 1R

where L, is total inductance of the filter L, + L,. The simplified LCL

filter in (7 leads to the open-loop transfer function in the dg-axes as

K, V, 1
GmK + . e~y - Q
e TS 2

]

S— —
Controller  VSC&PWM 107 Hlter

According to [38], the parameter K, and Ky of the PI controller for
fundamental component current obtain as follows

K, =~ wcmui &)
@2, L

K et 10

i1 102, o)

where Z, = V,/I, is the impedance base in per-unit scale with the

base voltage ¥, and base current 7,. Meanwhile, w,, ... is the maximum

cross-over frequency at a chosen phase margin ¢, _,, which is given by
T2 P

Detman = T, an

mis

where T, = 2T, is the sampling and the transport delays caused by
the digital control process with Ty as the sampling time. The resonant
controllers’ gains of the PIMR scheme, orders 6th and 12th, are added
to eliminate the voltage harmonics, orders 5th, 7th, 11th, and 13th,
whose resonant gains are set at K¢ = K,;» = Kj; /3. The integral gains
of the PIMSR controller are then set at K5 = Ky = Kjqy = Ko = Ky /3.

2.4. Stability analysis

Table 1 summarizes the parameters of the VSC and controllers.
The fundamental component was designed from the simplified transfer
function given in (8) with a conservative phase margin of 60°, Fig. 4
compares the Bode diagrams of the simplified open-loop transfer func-
tion with the fundamental component and the PIMR controllers. The
fundamental component controller exhibits a DC loop gain of 100 dB
which is large enough to track the reference currents with a zero steady-
state error. For the PIMR controller, the DC loop gain and the loop gains
at harmonic orders 6th and 12th are greater than 100 dB, Meanwhile,
the phase margin of PIMR controller is 48°which is still large enough
o guarantee control stability.

Fig. 5 illustrates the frequency response of the stationary frame
open-loop transfer function plotted from (5), which is applied for the
PIMR and PIMSR controllers, The full-order transfer function of the LCL
filter in (3) and (6) are considered in this analysis. The magnitudes at
resonant peaks at orders 5%, 77,11, and 133 are greater than 100 dB,
which will suppress the corresponding voltage harmonics. The phase
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Table 1
The VSC parameter.

Parameters Value

Nominal grid voltage Three-phase 380V,, 50 Hz

Converter-side inductor, L; 1.5 mH
Winding resistance of L, R, 011 &
Grid-side inductor, L, 0.75 mH
Winding resistance of Ly, Ry 0.042 O
Filter capaeitor, C, 2 uF
Series resistor, Ry 0.001
DC bus eapacitor, Op 780 uF
Switching frequency, 7, 10 kHz
Sampling frequertcy, f, 20 kHz
Base voltage, ¥, 310.27 V.
Base current, I, 10.74 A
Base impedance, Z, 2889 Q
K, 0.4079
K, 213,59
K Kp Kyp Ky 71.20
KoK 71.20
P 0.003560
a6 2495232
& 9,980928

margin ¢, =42°is still sufficient to guarantee the stability. Moreover,
there are two phase margins ¢, , =83°and ¢,, =67°around the reso-
nant frequency of the LCL filter, which satisfies the stability criterion
of the grid current feedback control [33].

2.5. Implementation of the current controllers with HCs

The PI regulators of the fundamental current controller and the
integral regulators of the PIMSR controllers were discretized using the
backward Buler approximation. The resonant controller transfer func-
tion of G (s) is constructed from the double integrator configuration
as shown in Fig. 3, For the discrete-time transformation of the resonant
controller, the forward Buler method s = (1 — z71)/T,2z71 and the
backward Euler method 5 = (1 — z7%)/T, are used for the forward
and feedback integrator [40]. Therefore, the control scheme of the
multi-resonant controllers at the harmonic orders 6th and 12th can
be rewritten in the discrete-time domain according to Fig. 6 and the
discrete-time domain transfer function of the resonant controller can
be expressed as

KT, (27b -2
Gral2) = ;h zs (2 71) -2
T+ (T2R202 = 2) ot + 2

az

The integrator coefficients of each resonant controllers in Fig. 6 can be
written as dyy, = K Ty aay = (hoo, PTo/ Ky,

The resonant frequencies at the harmonic orders 6th and 12th are
kept tuned with the estimated frequency @' from PLL for grid frequency
adaptation. The fundamental current control has the intrinsic frequency
adaptation capability through the Park transformation.

For programming of the multi-resonant controllers, each HC is
converted to a simple pseudo-code as described in Fig. 7. This code is
executed each sampling time period of the simulation software or DSP.
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Fig. 6. Discrete-time implementation of harmonic compensation with frequency adaptation.

ZResonant Controller for Urder 6th

v6(k) = a26x(e(k-1)-y26(k-1)) + v6(k-1);

¥y26(k) = a36+v6(k)*wn"2 + y26(k-1);
e(k-1) = e(k);
Z%Resonant Controller for Order 12th

v12(k) = a212+(a(k-1)-y212(k-1)) + vi2(k-1);
y212(k) = a312+vi2(k)#wn"2 + y212(k-1);

e(k-1) = e(k);

Fig. 7. Pseudo-code of the harmonic compensators.

3. Experimental verification
3.1. Experimental setup

The simulatdon model of the VSC developed in MATLAB/Simulink
2022b is provided in [41], which has been presented in our previous
work [32]. Moreover, the proposed control technique was verified
through the hardware-in-the-loop (HiL) implementation and the hard-
ware implementation. Figs. 8 and 9 depict the experimental setup. The
VSC was modeled in an OPAL-RT OP4510 real-time simulator, where
the power circuit of the VSC was implemented on FPGA-based via eHS
toolbox in MATLAB/Simulink with a time step 220 ns. The control
schemes were implemented on a Texas Instruments TMS320F28379D
32-bit DSP. The grid voltage, grid current, and dc bus voltage were
scaled down to connect to the DSP, and the gate signals from the
DSP were sent back to the Hil systern as shown in Fig. 8(a). The
simulated signals were measured by an oscilloscope via the analog
outputs of the Hil system as shown in Fig. 8(b). Fig. 9{a) depicts
the laboratory hardware implementation. The VSC was connected to a
Chroma 61850 regenerative grid simulator, which provided the three-
phase distorted grid voltage and changing frequency. The DC side of
the VSC was set to be a 700 V constant voltage by a Chroma 62150H-
10008 DC power supply. A 5 kW LCLfiltered 2-level VSC was used in

the hardware prototype as shown in Fig. 9(b). A Yokogawa WT-3000E
power analyzer was used to measure the grid current parameters of the
prototype VSC, The VSC was controlled by the same DSP used for HiL
with the same voltage and current sensor gains.

Note that the 5-kW VSC in this study can be validated with the hard-
ware prototype alone without the need for the HiL real-time simulator.
Considering the VSC alone, the validation with a HiL real-time simula-
tor is costly and unnecessary. However, the OP4510 HiL simulator used
in this study can emulate the distorted grid voltages with frequency
variation, and the DC voltage source. Furthermore, an OP4510 HiL
simulator is much cheaper than a grid simulator and programmable DC
source, Thus, validation with a Hil. simulator is an alternative and cost-
effective choice for research on VSC control. This experimental setup is
preliminary work for our future study in inverter-based power systems.

3.2, Harmonic mitigation

The VSC with the PIMR and PIMSR control schemes was evaluated
under the sinusoidal and distorted grid voltages with a nominal steady-
state power of 5 kW. The harmonic components Vs, V5, ¥}, and V3
were added to the fundamental grid voltage ¥ as shown in Table 2
with a total harmonic distortion (THD,) of 4.69%. The grid frequency
was tested under the allowable range of the Thailand grid: the nominal
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Fig. 8. Experimental setup. (a) HiL configuration scheme. (b) Hardware implementation.

value of 50 Hz, the minimum value of 47 Hz, and the maximum value
of 52 Hz. Fig. 10 shows the simulation and experimental results the
grid currents with the fundamental component controller under the
distorted grid voltages at the nominal frequency. The HiL and hardware
experimental results are very similar to the simulation results. The grid
voltage harmonics distort the grid current waveforms with a THD; of
10.84%. Fig. 11 compares the current harmonic components of the
fundamental component controller without the HCs (black) with those
of the PIMR (red) and PIMSR (blue) control schemes at the nominal grid
frequency. The harmonic orders Sth and 7th of the fundamental com-
ponent controller exceed the IEEE 1547 standard (magenta line) [10].
Moreover, the current harmonic orders 11th and 13th are still noticed.
On the other hand, the HCs of the PIMR and PIMSR controllers suppress

the current harmonic orders 5th, 7th, 11th, and 13th close to zero,
which complies with the IEEE 1547 standard.

Table 3 summarizes the THD; values of the fundamental component
controller, the PIMR controller with/without frequency adaptation, and
the PIMSR controller under the sinusoidal and distorted grid voltages
at the frequencies of 47 Hz, 50 Hz, and 52 Hz. The PIMR controller
without frequency adaptation manages to suppress the voltage har-
monics at the nominal grid frequency, compared with the fundamental
component controller under the sinusoidal grid voltages. However,
the THD; values deteriorate when the grid frequency deviates from
the nominal value. The resonant frequencies of the PIMR controller
updated from PLL keep the THD; values lower 1.15%. Meanwhile,
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Fig. 9. Experimental setup. (a) 5 kW VSC prototyping configuration scheme. (b) Laboratory-scale environment.

Table 2

3ii d grid voltage harmonics.
I3 Vs v Vi Vs THD,
220 Vo 4% 2% 1% 1% 4.69%

the PIMSR controller has an inherent frequency adaptation capabil-
ity, which exhibits a similar harmonic attenuation to the PIMR with
frequency adaptation.

3.3. Iransient performance and power extraction capability

This section validates the transient performance and the power
extraction capability of the PIMR and the PIMSR control schemes.
Fig. 12 shows the dynamic response of the VSC when the reference
current suddenly changes under distorted grid voltage, as shown in
‘Table 2. Initially, both the reference currents were set to zero (i; dref =
0 p.u. and i;q" ;= 0 p.w.). Then, the reference currents were suddenly
changed to i; dres = —07 pu., and ",ng,n- = 0 p.u.. At this time, the
VSC feeds an active power of 3.5 kW into the grid. After that, the
VSC injects a reactive power of 3.5 kVar (set i”w‘m ;= -0.7 p.u).
The experimental results show that the behavior of the grid current
waveforms tracks the reference currents. The distorted voltage does not

affect the transient response of the grid currents. The grid currents of
the PIMR and the PIMSR schemes at the steady-state conditions are
close to the sinusoidal waveform. The zoomed areas in Figs. 12(c) and
12(d) indicate that the PIMR controller exhibits a transient response
very close to the PIMSR controller because of their identical stationary
frame transfer function as shown in (3) The simulation results, the
experimental results of HiL, and the hardware implementations are in
close agreement. However, there is still a slight difference in the rising
edge of the grid current step. The oscillation of the grid current during
the transient of the simulation result is slightly higher than that of the
HiL and hardware experimental results. This is believed to be due to
voltage drops in the IGBTs and the grid simulator’s internal impedance,
which were neglected in the simulation. The instantaneous active and
reactive power can be calculated from the dg-axes currents directly.

3.4. Performance under grid frequency and voltage variation

This section validates the frequency adaptation capability of the
PIMR and PIMSR controllers under the sinusoidal and distorted grid
voltages. Fig. 13 shows the grid current waveforms of the PIMR control
scheme under the sinusoidal voltages when the grid frequency changes
from 47 Hz to 50 Hz, and from 50 Hz to 52 Hz. The grid current
‘I'HDi values with the PIMR controller are 0.88%, 0.90%, and 0.81%
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Total harmonic distortion of the grid current at the nominal output power of 5 kW.

Control schemes

Sinusoidal grid voltages

Distorted grid voltages

47 Nz 50 Iz 52 Mz 47 Tz 50 Tz 52 Iz
Fundamental component controller 1.21% 1.40% 1.14% 10.97% 10.54% 10.77%
PIMR without frequency adaptation 1.05% 0.97% 1.11% 7.85% 1.08% 8.92%
PIMR 0.88% 0.91% 0.81% 0.96% 1.15% 0.90%
PIMSR 0.93% 0.95% 0.82% 0.93% 1.09% 0.83%

Simulation

10ms/diy
VA

Fig. 10. Simulation and experimental results of the VSC without the harmonic compensators under the distorted voltages.

because there is no harmonic disturbance from the grid voltages.
Fig. 14(a) and Fig. 14(b) indicate the grid current waves of the PIMR
and PIMSR control schemes under the distorted grid voltages when
the grid frequency changes from 47 Hz to 50 Hz, and from 50 Hz
to 52 Hz. The grid current waveforms of the PIMR controller and
the PIMSR controller are very close to those under the sinusoidal
voltage in Fig. 13 at all the changing frequencies, which has a slight
distortion in the edge of the frequencies, as illustrated in Fig. 14(a). The
PIMR scheme without the frequency adaptation depicted in Fig. 14(b)
cannot mitigate the effects of distorted grid voltage when the frequency
deviates from the nominal value. Meanwhile, the PIMSR controller
exhibits the inherent frequency adaptation capability through the axis
transformations The PIMR controller without the frequency adaptation
has the THD; of 7.85% at 47 Hz and 8.92% at 52 Hz, which exceeds
1EEE 1547 standard [10]. On the other hand, the PIMR controller with
frequency adaptation and the PIMSR controller maintain low THD;
values at the frequencies of 47 Hz and 52 Hz. The grid current has

a THD; approximately 1% that complies with the IEEE 1547 standard.
The experimental results from HiL in Fig. 14(a) are very close to those
of the hardware implementation in Fig. 14(b).

Fig. 15 shows the experimental performance of the PIMR and PIMSR
control schemes under the +£10% sag/swell of the distorted grid volt-
ages. The two controllers again exhibit close transient responses, which
regulate the grid currents back to the reference values within 10 ms.

4. Discussion

Table 4 compares the estimated computational effort of the PIMR
and PIMSR controllers for the TMS320F28379D DSP. The PISMR con-
troller requires a substantial computational task for the multiplications
and Trigonometric function operations for the harmonic orders, 5th,
7th, 11th, and 13th. Meanwhile, the PIMR controller requires the
Trigonometric functions only at the fundamental component, while
the resonant controllers at orders, 6th, 12th, use only the additions,
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Fig. 11. Grid current harmonic spectrum of the VSC at the nominal power of 5 kW
under the distorted grid veltage.

Table 4
Computational effort of the control schemes.

Mathematical operations Control methodology

PIMR PIMSR
Additions/subtractions 35 49
Mudtiplications 198 384
Trigonometric fimetions {(Sin/Cosine) 78 468
Saturation limits 14 14
Execution cycles 325 915
Execution time (0.005 ps/cycle) 1.625 ps 4.575 ps

subtractions, and multiplications. The PIMR controller presented in this
study poses a one-third computational effort of the PIMSR controller
while maintaining the frequency adaptation and power extraction ca-
pability. Thus, the PIMSR controller is suggested for the three-phase
VSC current control.

Although the reduction in the computation time of 2.95¢ ps with
the PIMR scheme seems insignificant when implemented on a powerful
TMS320F28379D DSP with a sampling frequency of 20 kHz, the PIMR
control scheme will be more beneficial with higher switching and
sampling frequencies for wide bandgap devices. For example, the PIMR
regulator will be helpful for the multi-loop grid-forming control of
the VS8Cs in inverter-based electric power systems [42]. Moreover,
discretization of the resonant controller is crucial for high switching
frequency applications with a significant computation delay [43].

Multiple resonant regulators in series with a fundamental current
controller with the deadbeat control have been recently proposed
in [44]. Meanwhile, in this study, the multiple resonant regulators are
placed in parallel with the fundamental component PI controller, Thus,
it would be interesting to compare the harmonic rejection performance
and control stability of the parallel and series configuration of the
harmeonic controller.

5. Conclusion

This paper elaborates the implementation methodology of the
proportional-integral plus multi-resonant (PIMR) harmonic compensa-
tion scheme with frequency adaptation for a three-phase grid-connected
VSC under the voltage distortion. Discretization of the multi-resonant
controllers and imnplementation techniques on a 32-bit TMS320F283
79D DSP controller are explained. The PIMR control scheme was com-
pared the conventional multiple synchronous reference frame (PIMSR)
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Fig. 15. Performance of the PIMR and PIMSR control scheme under the grid voltage
sag and swell from the hardware prototype.

controller. The simulation and experimental results from a HiL simu-
lator and hardware prototype indicate that the two control schemes
attenuated the grid current with a total harmonic distortion approx-
imately of 1% under the grid voltage orders Sth, 7th, 11th, and 13th
with a total harmonic distortion of 4.69% in the frequency range of 47—
52 Hz, which is in compliance with the IEEE 1547 standard. The PIMR
controller exhibited identical performance to the conventional PIMSR
scheme. Meanwhile, the computation time for the PIMR controller was
estimated to be 1.625 ps, 35% of the conventional PIMSR controller.
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