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Abstract—The capacitive-coupling grid-connected inverter
(CGCl) is able to achieve reactive power compensation and active
power transfer simultaneously with a low operational voltage.
The CGCI is coupled to the point of common coupling (PCC) via
a second-order LC circuit, which makes its modeling and current
control characteristics differs from the conventional inductive-
coupling grid-connected inverter. The direct current tracking
with hysteresis pulse width modulation (PWM) was used in
previous studies. However, this method suffers from widely
varying switching frequency and large current ripples. A Quasi-
proportional-resonant (Quasi-PR) current controller is designed
for the CGClI in this paper. Its modeling and parameter selection
are studied in detail. In contrast with proportional-integration
(P1) current controller, the Quasi-PR controller reduces steady-
state error. It also generates a voltage reference for applying the
carrier-based PWM to improve output waveform quality.
Simulation results are provided to verify the Quasi-PR controller
and comparison with the PI controller is also done. A lab-scale
prototype is built. Experimental results are given to show the
validity of the proposed control method and its design.

Keywords—Capacitive-coupling grid connected inverter; Quasi-
PR controller; Proportional-integration controller; parameters
design

l. INTRODUCTION

The increasing need for more effective and environmental
friendly power electrical system plays an active role in the
development of smart grid [1-4]. Grid-connected inverter is
the key for efficient use of distributed energy resources.
Recently, more and more attention has been paid to
multifunctional grid-connected inverters, which provide
auxiliary services on power quality enhancement [5-6]. Most
of the inverter is coupled to the grid via L type, LC type or
LCL filter. They are named as inductive-coupling grid-
connected inverters (IGCI) in this paper [7-9].

The capacitive-coupling grid-connected inverter (CGCI)
was proposed and used to achieve the same function [10-
11].The configuration of a single-phase CGCI is shown in Fig.
1. The CGClI is integrated to the grid via an inductor in series
with a capacitor. This topology is first proposed with the name
of hybrid filter [12-13]. It is named capacitive since the
fundamental frequency impedance of its coupling branch is

capacitive [14]. The capacitive coupling branch reduces the
operational voltage of the CGCI when leading reactive power
is injected to the grid [15]. By adding active power transfer
capability to the CGCI, the previous research work shows that
it is a promising low-cost alternative to existing IGCI.

The direct current tracking with hysteresis PWM was used
to control CGCI in previous work since it is simple and easy to
implement [10,11]. The hysteresis PWM method has the
drawbacks of widely varying switching frequency and large
current ripples. The carrier-based PWM is able to fix
switching frequency and reduce output current distortion. A
current controller is used to generate voltage reference for
applying carrier-based PWM in conventional IGCI.
Proportional-integrator (PI) and proportional-resonant (PR) are
the two most widely used current controller [16-18]. However,
conventional PI controller is not able to eliminate steady-state
errors in current tracking [19]. Synchronous PI controller was
proposed for three-phase IGCI, in which stationary-frame ac
quantities are transformed to dc quantities [20]. In this way, to
achieve theoretical zero steady-state errors is then possible.
However, additional computations are required for coordinate
transformation when this method is applied to single-phase
IGCI.
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Fig. 1 System configuration of a single-phase CGClI



A stationary-frame PR controller has the same operational
principal as a synchronous-frame Pl controller when it is
applied to a single-phase IGCI [21,22]. Compared to a
stationary-frame PR controller, Quasi-PR controller avoids the
stability problems associated with an infinite gain and can
reduce sensitivity towards slight frequency variation in a
typical utility grid [23,24]. Through comparing pros and cons
of different current controllers for IGCI, a Quasi-PR current
controller is selected and will be applied to control CGCI in
this paper. The frequency response of the grid-connected
inverter is studied and parameters design of the Quasi-PR
current controller for the CGCI will be proposed in this paper.
In Section 1l, the operational principal of the CGCI is
introduced and its mathematical model is built and analyzed.
The parameter design of the Quasi-PR controller is presented
in Section Ill. Comparison with the PI current controller is
also given in this Section. Simulation results are given in
Section IV. Experimental results are provided in Section V.

Il.  MODELING OF THE CGCI

A. Operational principal of the CGCI

The system configuration of CGCI is shown in Fig. 1. It is
integrated to the grid via an inductor in series with a capacitor.
The power flow between the inverter and the grid can be
calculated as shown below, following [25].

\YAY] \& vv.
P, =( L cosS——Sj c0sH + ——=sind[5ind (1)
Z Z Z
vV v vV
. =( L cosB——sj sind — ——=-sind os (2)
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In

(1) and (2), Viny is the output voltage of the inverter; and &
represents the phase angle between Vs and V;,,. The value of Z
and @ is determined by the coupling impedance of the grid-
connected inverter. The impedance of the coupling branch in
CGCl is expressed as follows.

o1 o1 1 .
X =240=-j—+joL =-j—=—24-90 (3)
wC oC oC

c

The power base is introduced as follows.

S,.. =V."-aC (4)

By combining (1) to (4), the normalized output voltage of
the CGCI is calculated as shown in (5), and its variation in
power flow is depicted in three dimensions (3D) in Fig. 2.

h\/(if +(&,1)2 (5)
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It can be concluded from Fig. 2 that the operational voltage
of the inverter is lower than the grid voltage when the reactive
power is in the vicinity of Sy.e. The CGCI is better to be
connected to a PCC, where continuous reactive power
compensation is required for inductive loadings, for example,
pumps or air-conditioners installed on the roof top.
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Fig. 2 Variation in inverter voltage with power

As a multifunctional grid-connected inverter, the CGCI is
able to transfer active power from the renewable energy
sources to the grid and compensate reactive power and
harmonics at the PCC simultaneously. The simplified block
diagram of the control system for the CGCI is given in Fig.3,
in which a current controller is used to provide reference for
the carrier-based PWM unit. The carrier-based PWM method
is selected due to its fixed switching frequency, low current
ripples, and well defined harmonic spectrum characteristics.
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—y  based Inverter—).COU‘.)“ng ¢
Controller PWM e impelance

Fig. 3 Control block diagram of Grid-Connected inverter
The output current reference can be calculated by:

. 1. Prwee T P,
i =—1 sine cosd] [ } (6)
v, q,
Where Pguce represents the active power from distributed
generators. The load power is extracted by using instantaneous
reactive power theory, as discussed in previous work [10,11].

B. Modeling of CGCI with a current controller

To analysis and design the control system in Fig. 3, a
model is deduced, as given in Fig.4. There are mainly three
blocks in Fig. 4: current controller, PWM-controlled inverter
and coupling branch. The detailed mathematical model of each
block is discussed hereinafter.

Fig. 4 S-domain control model
®  Current Controller



As mentioned in Section |, Quasi-PR controller is selected

in this paper. Its transfer function, Gqyasi.-er(S) is as follows.
2Kws
G s (=K +— — (7)

S +20S+ o,

® PWM Unit

In an average s-domain model, the PWM converter may be
simplified to a unity gain. However, the computation time of
the digital controller is not negligible [26-29]. In order to
accurately describe the real effects of time delay, the sampler
and the zero-order hold, a s-domain PWM unit model is used
as given in Fig. 4. The s-domain transfer function of the PWM
converter is expressed as

6. (9-DE-—1) ®)
Ts .S

Where T; is the sampling period.

In order to obtain rational transfer functions, delays are
usually approximated by poles and zeros. A proper way is to
use the Pade’ approximation, and the first order Pade’

approximation shown in (9) maintains the S-domain analysis
with a fair agreement between simplicity and accuracy.

1-05-T -s
1+0.5-T -s
Substitute (9) into formula (8) and it can get:
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®  Coupling impedance
The LC coupling branch of the CGCI is expressed as
following.

Cs
G, ()= ——— (11)
LCS +1

According to Fig. 4, the overall transfer function is
obtained as following:

Ic (S) = Gcref,c I c_ref (S) - G\,UVS (S)
GQuastR (S)GPWM (S)G|mp (S)
= (8 (12)
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Geret ¢(S) is the system closed-loop transfer function
between i; and i rer, and Gys () is the closed-loop system
transfer function between i and V,. Besides, Ggyasi-
pr(S)Gpwm(S)Gimp(S) is the open-loop transfer function

I1l. PARAMETER DESIGN OF THE QUASI-PR CONTROLLER
A. Parameters design of Quasi-PR Controller in CGCI

The performance of the CGCI is greatly affected by the
current controller. There are mainly three parameters need to
be selected in order to implement a quasi-PR current controller
[30,31]. Design scenario can be summarized to this:

e An appropriate . should be chosen to give a
satisfactory bandwidth around the resonant frequency.

e K, should be chosen such that good transient response
and stability are guaranteed.

e K, is chosen so that phase and magnitude steady state
errors are eliminated.

On the basis of the power quality standard of Macau and
Hong Kong (HKE and CLP supply rules of Hong Kong, CEM
supply rules), the standard limit of frequency variation is £2%.
Assuming that the frequency variation margin is 2%, then
0=2*1*50*2%=6.28.

K, should be large enough to obtain high gain at the
fundamental frequency and low-order harmonic frequency.
However, larger K, makes the system less stable. Using Quasi-
PR controller can overcome this problem. It provides high

value gain at the fundamental frequency and low-order
harmonic frequency with relatively small K, value.

The boundary of the K, value is determined by using
Routh’s stability criterion. The open loop transfer function of
related closed-loop transfer function Gerero(S) 1S Gouasi-
Pr(S)Gpwm(S)Gimp(S)=N(s)/D(s). ~Then the characteristic
equation can be obtained from:

D(s)+ KN(s)=0 (13)

It is assumed the delay time of the PWM unit is half a

sampling period (0.5Ts), the corresponding boundary of K are
deduced as follows:

K,<(8L)/(3T) (14)

It can be concluded from (12) that the magnitude gain of

Gquasi-pr(S)Gpwm(S)Gimp(S) needs to be higher than 100 in order

to decrease the current tracking error to below 1%. The value

of K, and K, are selected to satisfy this requirement and to

guarantee stable operation and acceptable transient response at
the same time.

The design procedure of the Quasi-PR controller for a
CGCl is as following:

1) According to the power quality standard to select the
value of mc.

©=2-7- 1 Af (1)

Where f, is the fundamental frequency and Af is the
standard limit of the frequency variation.

2) Calculate the upper boundary (106.7) of the
controller’s proportional gain K, according to (14). Select a
value of K, within this boundary

3) Set a small value for K;, which can guarantee the
magnitude response of the open-loop transfer function at the
designed resonant frequency (50Hz) is above 40 dB.

4) Adjust Kp value within its boundary so that The
magnitude response of closed-loop transfer function Geref _c(s)



approaches to 0 dB and its phase response curve approaches to
0 degree at fundamental frequency.
5) The value of K, and o, may need minor adjustments to
fulfill the following requirements:
e The magnitude response of the closed-loop transfer
function G ¢(S) should be close to the 0 dB for low-
order harmonic frequencies.

e K, is adjusted to make sure that the magnitude
response at high frequency especially around 10 KHz
are well suppressed.

B. Parameters design Verifications

Current controller model is analyzed by using Matlab. The
system settings are given in Table. I. The bode diagram of
open-loop current controller and closed-loop current control
system is shown in Figs. 5 and 6, respectively. Results indicate
that Gerer o(S) has a unity gain with zero phase shifting at
fundamental frequency with the selected parameters.

C. Comparison of PI controller controlled CGCI and Quasi-
PR controller controlled CGCI system

Comparison with PI controller is done in this section. Pl
controller is one of the most widely use current tracking
controller for grid-connected inverter. The Pl controller is
expressed as follows:

K
G, (=K, +— (16)
s
By using (16) to replace Ggusi-pr(S) in (12), the S-domain
transfer function with Pl controller is obtained.

TABLE. | PARAMETERS SELECTED FOR MATLAB SIMULATION

Parameters | Value
Switching frequency f 10kHz
Fundamental frequency 50Hz
Filter inductor L¢ 4mH
Filter capacitor C¢ 125uF
Bode diagram of open-loop current control system w ith different Kp
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Fig. 5 Bode diagram of open-loop current control system-- Gouasi-pr(S)
Gpwm(S)Gimp(S). Parameters: w.=5, K;=5000;

Bode diagram of closed-loop current control system w ith different Kp

IN
S

N
o

:

N
o

Magnitude (dB)

A
S

Phase (deg)
N
N
o

10 10 10° 10° 10*
Frequency (HZ)

Fig. 6 Bode diagram of closed-loop current control system-- Geret o(S)
Parameters: Kr=5000, wc=>5;

With the parameters in Table. I, the Bode diagram of the
closed-loop transfer functions Gere ((S) are shown in Fig. 7. It
can be concluded from Fig.7 that the magnitude response
varies in the vicinity of zero at low frequency range when PI
controller is used. Increasing the proportional gain of the PI
controller may force the magnitude response approaching zero.
However, large gain could cause the control system unstable.
The current tracking capability is improved when the Quasi-
PR controller is used. The steady state current tracking error is
reduced by Quasi-PR controller according to the magnitude
and phase response in Fig. 7. Thus, the Quasi-PR controller is
a more suitable candidate than PI controller for the precisely
controlled CGCI.

The Bode diagram of closed-loop transfer functions
Gys_o(s) are shown in Fig. 8. Results indicate that both two
control methods provide enough attenuation to the disturbance
from the grid-side voltage. That is to say, the distortion
component in the grid-side voltage will not be amplified by
the CGCI. Even its coupling circuit is a second LC branch.
While for the current control system using Pl controller it
cannot offer zero dB magnitude gain and zero degree phase
shift.

Closed-loop bode plot(CGCl)
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Fig. 7 Bode diagram of closed-loop transfer function Ger ¢(S) (solid line: use
PI controller; dashed line: use Quasi-PR controller )



Closed-loop bode plot(CGClI)
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Fig. 8 Bode diagram of closed-loop transfer functions Gys ¢(s) (solid line: use
P1 controller; dashed line: use Quasi-PR controller)

IV. SIMULATION

A. Simulation setting

In order to verify the effectiveness of the Quasi-PR
controller, a set of tests are carried out by PSCAD/EMTDC.
For comparison, Pl controller with carrier-based PWM is
studied in the simulations. Table. 11 lists the simulated system
parameters, and the DC-link voltage of the inverter is supplied
by an ideal DC voltage source.

The comparison is mainly focused on the steady state
performance. Thus the performances are conducted with
respect to the following performance parameters:

e Source current THD at steady state situation.

e Active power error between the injecting active power
and the reference active power.

e Reactive power error between the injecting reactive
power and the reference reactive power based on the
load reactive power.

According to Part Il, a set of parameters of the Quasi-PR

controller can be gotten: K,=50, . =5, K,=5800.

TABLE. Il SYSTEM SETTING IN THE SIMULATION

System parameters
Grid Parameters | Value
Grid Voltage Vs 220V
fundamental frequency fo 50Hz
Sampling frequency 20 KHz
Source Inductor Ls 0.001mH
Inverter parameters | Value
DC link capacitor Cpc 1mF
Filter inductor L¢ 4mH
Filter capacitor Cc 125uF
Linear load
DC link voltage Vpc 170V
Linear Load 1 (0.5s-0.7s) 15 ohm;0.12 H, 8 ohm
Linear Load 2 (0.1s-0.3s) 20 ohm;0.06 H, 10 ohm
Linear Load 3 (0.35-0.5s) 28 0hm;0.04 H, 8 ohm

B. PSCAD Simulation results

Simulation results using Pl controller with carrier-based
PWM and using Quasi-PR controller with carrier-based PWM
respectively are shown in Fig. 9 to Fig. 11, respectively. The
system performance indexes are summarized in TasLe. 11l tO
TasLE. IV respectively. It can be concluded that Pl controller
with carrier-based PWM cannot eliminate the steady state
current tracking errors. As a result, both active and reactive
power output of the CGCI are not able to tracking the
reference with high accuracy. In general, the parameters of the
Pl controller can be tuned to improve the performance. As
shown in Fig. 7, tuning the parameters cannot reduce the
source current THD and the power error at the same time.

When Quasi-PR controller with Carrier-based PWM is
used, the active power from the external source can be injected
to the grid and the load side reactive power is compensated.
Both errors are very small. What’s more, the low source
current THD (<2%) indicates that the Quasi-PR controller is
more fit for applying to CGCI. It can be concluded that Quasi-
PR controller with Carrier-based PWM s a better choice for
the CGCI structure to achieve active power and reactive power
injecting as well as harmonic compensation.

TABLE. Il STEADY STATE PERFORMANCES UNDER DIFFERENT LOADS
SITUATION USING Pl CONTROLLER

Steady State(Linear Load)--PI controler (Kp=72, Ki=4500)

. Q_erro
Time THSD—' P_inj P Q_inj Q_load P_(eo/r;or r
> (%)

029 | o8 4393 | oo | 18558 [ 20022 | 1,15 | 741
s 9 6 9

049 || 09 6590 | oo | 25104 [ 27387 |11 | goa
s 7 7 7

2'69 1.10 514'1 500 %178'0 }1227'6 5717 | 404

TABLE. IV STEADY STATE PERFORMANCES UNDER DIFFERENT LOADS
SITUATION USING QUASI-PR CONTROLLER

Steady State(Linear Load)--Quasi-PR controller (Kp=50, Wc=5,
Kr=5800)

Time | THDis | Pini | P | Q.ini | Q_load P—(ﬁ/f);or Q—(%Or
020s | 084 | 50012 | 500 | 2021.64 | 20023 [ 002 | 097
049s [ 099 | 49094 | 500 | 276153 | 273878 [ 0.01 | 083
060s | 102 | 48222 | 500 | 1257.3 | 1227.64 [ 356 | 242
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V.  EXPERIMENT RESULTS

A lab-scale prototype, with parameters listed in Table. V,
was constructed. The control algorithm was implemented in a
DSP-TMS320F28335. The photo of the prototype is shown in
Fig. 12. The grid-side voltage is drop to 110V due to the
laboratory safety reason and the fact that 110V grid voltage is
also used by many countries such as America, Japan and
Canada. The parameters (K,=50, w.=5, K,=5800) designed by
the proposed parameters design approach was used in the
experiment.

As stated previously, the comparison are mainly focused
on the steady state performance. Thus the performances are
conducted with respect to the following performance
parameters:

®  Source current THD at steady state situation.

®  Active power error between the injecting active power
and the reference active power.

® Reactive power error between the injecting reactive
power and the reference reactive power based on the
load reactive power, in the experiment, it can be
simply regarded as the source side reactive power.

gfmf Mnnlﬁlﬁnn ﬁnﬁﬁn\nnnnmhfwnﬁ\nnnﬁn
z UUUUUUK/{UVUUUUUUUUUUUUH UL{UUU\N TABLE. V EXPERIMENTAL SYSTEM SETTINGS
00t Items Value
Capacitor Cc 120.95uF
Inductor Lc 3.791uH(1kHz)
Grid Voltage Vs 110Vrms,50Hz
DC-link Voltage 85 Volt
Active power transfer 0w
(b).Quasi-PR controller Linear Load 140hm,25.27mH

Fig. 10 Voltage and current waveforms & source current THD when load
(linear load) changes
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-1.0k TABLE. VI EXPERIMENTAL RESULTS
0.0 020 030 040 050 060 0.70
) Load Side Source Side Power
. ) (b)QuaSI-PR COHtI’O"er PE Q (van) THD THD PE P_ref P_actual P_Error Q_source
Fig. 11 Active power and reactive power when load (linear load) changes (Load) () w) w) (Van)
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2 Note: PI—PI controller with carrier-based PWM; PR—Quasi-PR controller with carrier-based PWM;
P_ref—active power generated by distributed generators; P_actual—active power injecting to
the grid; P_error—Error between P_ref and P_actual; Q_source—reactive power exists in the

source side and it is the reactive power error between injecting reactive power and load side
reactive power.
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Fig. 14 Experimental results of Quasi-PR controller with carrier-based PWM

When the DC voltage is 85V, which is lower than the grid
side voltage 110V, and the active power range is set as 90W ,
a linear inductive load is used to verify the current control
performance of Quasi-PR controller with carrier-based PWM.
Comparison experiments are conducted by using Pl controller
with carrier-based PWM. The results are given in Table. VI.
Fig. 13 shows the experimental results (load side, injecting
side and source side) when Pl controller with carrier-based

PWM was used and Py quals to 90W. Fig. 14 shows the
experimental results when Quasi-PR controller was applied
and Pgoyuree €quals to 90W. It indicates from those experimental
results that compared to PI controller with carrier-based PWM,
power error between reference value and actual value can be
reduced and source current THD can be decreased by using
Quasi-PR controller with carrier-based PWM, which shows
the effectiveness of the proposed current control model and
parameters design of Quasi-PR controller.

VI. CONCLUSION

The capacitive-coupling grid-connected inverter can
decrease DC-link voltage and running losses. While due to its
second-order transfer function of capacitive-coupling
interfacing branch, the mathematical model and current
controller for traditional IGCI cannot be directly applied to
CGCI. This paper proposes a Quasi-PR controller with carrier-
based PWM for CGCI and its related Quasi-PR controller
parameters design method. Both simulation and experimental
results are provided. Comparison with Pl controller is also
given to validate the effectiveness of proposed model and
parameters design approach. Results shows that the Quasi-PR
controller with carrier-based PWM is a better choice to fulfill
the requirements of active power and reactive power injecting
as well as harmonic compensation.
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