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A Novel Control Algorithm of a Three-phase Four-wire PV Inverter with
Imbalance Load Compensation Function
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Abstract — In this paper, the authors suggest a new control algorithm for a three-phase four-wire
photovoltaic (PV) inverter with imbalance load compensation function using conventional
proportional-integral (PI) controllers. The maximum power of PV panel is calculated by the MPPT
control loop. The reference varying signals of current controllers are transformed to two different
rotating frames where they become constant signals. Then simple PI controllers are applied to achieve
zero steady-state error of the controllers. The proposed control algorithm are modeled and simulated
with imbalance load configuration to verify its performance. The simulation results show that the
maximum PV power is transferred to the grid and the imbalance power is compensated successfully by
the proposed control algorithm. The inverter has a fast response (~4 cycles) during the transient period.
The proposed control algorithm can be effectively utilized to the three-phase four-wire inverter with

imbalance load compensation function.
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1. Introduction

In recent years, along with the use of the renewable
energy sources such as photovoltaic (PV), wind, or biomass,
the structure of the power system has been changed and
become more complex. A new concept of the power system
is introduced and called widely as microgrid. In this
concept, small-scale distributed generators which generate
electrical power from various primary energy sources
such as wind, diesel, biomass, and PV are connected
throughout the power network by both three-phase and
single-phase connection. The power network becomes
more flexible, controllable, and environment-friendly but
also faces many new challenges due to its complexity [1-
3]. As a consequence, the imbalance power of three-
phase power network becomes one of the challenges of the
microgrid.

The small neutral current caused by slightly imbalance
phase currents is not a problem for the microgrid system
and does not affect the distributed generator. However,
when imbalance load increases, the neutral current
becomes higher. A high neutral current can cause system
failures or damage the generator by including pulsating
torque [3-5]. Particularly, the imbalance power causes
increasing heat loss on the magnetic core of transformer
which is a component of a grid-connected microgrid due
to imbalance magnetic field. Consequently, the efficiency,
reliability, and power quality of the microgrid are reduced.

Besides the growth of renewable energy and semi-
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conductor devices, the multi-function inverter has being
developed rapidly to take advantages of renewable energy
and increase the power quality of the grid. A three-phase
four-wire PV inverter is not only able to transfer maximum
power from PV panels to a grid network but also
compensate the imbalance power load. The most difficulty
in the three-phase four-wire PV inverter with imbalance
load compensation function is controller design which has
varying reference signals [3, 4-8].

Deadbeat, fuzzy, hysteresis or hybrid resonant controllers
which are used to control the varying reference signal
have been used for active power filter. Therefore, these
controllers can be applied to the PV inverter with
imbalance compensating function. However, the common
drawbacks of these controllers are sensitive to noise,
huge computation work, and high implementation cost.
Furthermore, in industrial or commercial PV inverter, the
Proportional-Integral (PI) controller is preferably used
because of its stability to noise, simplicity and low
implementation cost [5, 7-12].

In this paper, the authors suggest a new control
algorithm for a three-phase four-wire PV inverter with
imbalance load compensation function using conventional
PI controllers in two different rotating reference frames. A
40 kW building load composed of three single phase loads
and a three-phase four-wire PV inverter are simulated to
verify the performance of the proposed control algorithm.
The control algorithm includes two control loops. A Phase
Lock-loop (PLL) is used to synchronize phase angle and
frequency of the PV inverter to the grid. The current
controller is used to control power flow to the grid and
compensate the imbalance load. The reference signal of the
current control loop is transformed to 60 Hz rotating frame
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then decomposed by the low-pass filter into two parts, a
constant and a varying reference signals. Then, the varying
reference signal is transformed to another rotating
reference frame (120 Hz) where it becomes constant. Then
PI controllers are applied at the two rotating reference
frames to transfer maximum power from PV panels into
the grid and compensate imbalance load while ensure zero
steady-state error. The coefficients of the PI controllers
are easily achieved after a few simple calculation steps.
Consequently the proposed control algorithm improves
the overall performance of the three-phase four-wire PV
inverter system.

2. Controller Design
2.1 Modelling of a three-phase four-wire

The circuit diagram of a three-phase four-wire PV
inverter is presented in Fig. 1. There are six IGBTs in 3
legs and the fourth leg is made by a coupling capacitor.
The inverter has two functions which are transferring the
maximum power from PV to the grid and compensating the
imbalance power between three phases.

Neglecting the capacitor Cy, the PV inverter can be
defined as in (1).

v (1) = R;(t)+L%;(t)+\_zg (1) (1)

where R =R;;+ R;,,L=L, + L, L;, L,, R;;, R;, are the
inductance and resistance of inductor L, L,, respectively.
v, () is inverter-side voltage space vector, vg (¢)is grid
voltage space vector, and i(t) is the inverter current space
vector.

By wusing the dg-transformation, all time-varying
variables in the stationary frame of the inverter system
become constant (DC) variables in a rotating reference
frame (60Hz). The PV inverter, therefore, has dynamic
response characteristic the same as a DC-DC converter and
is much easier in analysis and control.

The dg-transformation between the stationary and
rotating frame is defined, as (2).

,,,,,,

DC-DC
Converter

PV panel

Fig. 1. Circuit diagram of a three-phase four-wire PV
inverter
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5 cos(wt) cos(a)t+27z/3) cos(a)t+47z/3)
T, ==|sin(wr) sin(ot+27/3) sin(wt+47/3)| (2)
0.5 0.5 0.5

where w is the angular velocity of the rotating frame as
well as the fundamental angular velocity of the grid.

In the rotating frame, the inverter model is illustrated by
the Kirchhoff’s laws in d- and g-axis written as (3), the
current and voltage in 0-axis in this function is zero and
neglected.

v, ()= Riy (1) + 124, (1) 3, (1) -0, (1) N
v, ()= R () + L4, (1) v, (1) + oL, (1)

So the dq currents are controlled by adjusting the voltage
difference between the PV inverter (v,,(¢)) and the grid (v,.
a4(0). Two general PI controllers are applied to generate
the desired voltages.

2.2 Proposed control algorithm

The overall diagram of the proposed control algorithm is
presented in Fig. 2. The first function is performed by a PI
controller as the same as a conventional three-phase PV
inverter which controls independently active and reactive
power into the power grid. This function is implemented in
a 60 Hz rotating reference frame.
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Fig. 2. Control algorithm of the inverter
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The second function of the inverter is imbalance load
compensation. The compensating power is computed by an
imbalance power extraction method which includes the dg-
transformation and a low-pass filter, as depicted in Fig. 2.
The single-load powers of are measured by current sensors
and then are transformed into the 60Hz- rotating frame by
the same transformation 7;. In the d-, and g-axis, the
signals varying due to the imbalance load current are

composed of two different frequency signals (0-w and 2-w).

The 0-w- (DC) signal represents the balance power part of
the load. The 2-w-frequency signals in d-, g-axis and the w-
frequency signal in 0-axis represent the imbalance power
part of the load. The w,-frequency signals (v, = 2'®) in d-,
q-axis (iz; o5 ig2 ) and the w-frequency signal at 0-axis
are written as in (4).

3. 2z 4z
gl(zzje_;:la cos(w,t)+1, cos ot + =~ +1_ cos @t +—=

3. . . 2r . 4
El"zf’ef =1, 51n(a)2t)+1b sin a)zt+7 +1,sin a)zt+T

3. s L si 2 I si 4r
S g =L, sin(et)+1, sin o +== [+ 1 sin| or+ ==
iy vy =i cos(a)zt +9,)
>V g =1 sin(a)zt+goq) 4)
iy o = Loy sin (ot + g, )
where I, I, and I, are the magnitude of load current in

phase A, B, and C, respectively.
The iy; op iy2 ror Signals become the reference signals for

the inverter to compensate the imbalance power of the load.

Since these signals have 90-degree phase angle difference,
the af-dq0 transformation is used to transform these
sinusoidal signals to constant signals at a rotating reference
frame (2:®~120 Hz). The af-dq0 transformation is defined
as (5).

cos(m,t)

T2:

sin(a)zt)} )

—sin(w,t) cos(m,t)

In the 120-Hz rotating frame, a part of compensated
power, now, is represented by the DC signals which are
easily regulated by simple PI controllers.

Particularly, in the 0-axis, the i, signal is a 60 Hz
sinusoidal signal which is insufficient for the PI controller.
An orthogonal signal (90-degree phase angle difference)
of the i, signal is created then using the af-dq0
transformation, as in (5) with 2760 rad/s of the angular
velocity, to transform these signals to the 60Hz-rotating
frame where they become DC signals. So the imbalance
load power, now, is comprehensively represented by the
DC signals at d-, g-axis in 120 Hz rotating frame and 0-
axis in 60 Hz rotating frame which are -efficiently
controlled by PI controllers.

Magnitude (dB)

-180
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-270 )
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Fig. 3. Bode plot of the inverter open loop
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Fig. 4. The step response of the inverter closed loop

The inverter is controlled in the two different rotating
reference frames. However, since the dynamic characteristics
of the inverter are the same in both two reference frames,
the model of the inverter in the two reference frames are
the same too. Therefore, both controllers in the two
reference frames are the same and designed as one.

The dc-link voltage is maintained by a simple PI
controller which generally has small coefficients (smaller
than 1). The maximum power of PV panel is calculated by
the MPPT control loop which is controlled by the inverter’s
controller in the 60 Hz-rotating reference frame (dq,;). The
measured signals from load are firstly transformed from
stationary frame to the dql frame and filtered by the high-
pass filter to obtain the varying signals which represent the
imbalance power load. Then the signals are once again
converted to the 120 Hz rotating frame (dq,) to become
constant signals which are the reference signals of the PI
controller. In particular, the 0-axis component and its
orthogonal signal (90-degree difference) is created and
then transformed to the dql frame where it becomes DC
signal. The feedback signals of output inverter are obtained
by the same process. The controllers’ output signals are
inversely transformed to the stationary frame and then
added together to obtain the signal which is used for pulse-
width-modulation block. The inverter system has the
specifications as represented Table 1. The coefficients of
the PI controllers are calculated easily by the zero/pole
placement method and the bandwidth criterion (570 Hz), as
in (6). The stability of the inverter is verified by the phase
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Table 1. The specifications of the PV inverter

Parameters Values
Inverter-side inductor L, 3.0mH-0.01 Q
Grid-side inductor L, 1.5mH-0.01 Q
Filter capacitor Cy 2.2 uF
Damping resistor Rp 7Q
DC-link voltage 700 V
Switching frequency 10 kHz

margin of the system that is 85° at 570 Hz (3.6e3 rad/s) of
cut-off frequency, as in Fig. 3. The step response of the
inverter system is approximately 3.5 ms as illustrated in
Fig. 4.

k, _ L+L
ki RL] +RL2
k,s+k

=1 (6)
N

G(s)
570Hz

G(s) - ze(s)(z,(s)+ ZZM((;?) +2,,(5)z2,,(s)

where k; k, are the coefficients of the PI controller. G(s) is
the transfer function of the inverter filter. z., z;,, z;, are the
impedances of the inductor L, L,, and the capacitor C,
including R, in Laplace domain, respectively.

Contrary to the dead-beat, hysteresis, or resonant
controllers which generally require an accurate model of
the inverter and huge calculation to obtain and implement
these controllers, the proposed control algorithm need a
simple inverter model and conventional PI controllers. The
inverter model and coefficients of the PI controllers are
casily achieved after a few simple calculation steps.
Furthermore, the PI controllers ensure zero steady-state
and consequently improve the overall performance of the
inverter system.

3. Simulation and Results

The model of a three-phase four-wire PV inverter with a
PV panel as shown in Fig. 1 is simulated by using PSIM.
The parameters of the PV inverter are the same as Table 1.
Three single-phase loads that have total 40 kW of power is
used to simulate imbalance load condition. The PV power
is harvested by a DC-DC converter which has the MPPT
control loop. Then the inverter part transfers power to the
grid. To confirm the performance of the controller, the
inverter is simulated in three case studies:
¢ Imbalance power smaller than the maximum PV power
e Imbalance power is higher than the maximum PV

power
e Transient conditions

The standard deviation (s) which is used to quantify the
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amount of variation or dispersion of a set data values in
statistics is applied to evaluate the imbalance power. The
standard deviation of three-phase power is calculated as

).

O R R I

where py, ps, pc are the power of phase A, B, and C,
respectively. p is the average value of p,, pp, and pc.

3.1 Case study 1: Imbalance power smaller than the
maximum PV power

In this simulation, the load powers are 20 kW, 10 kW
and 10 kW, respectively of phase A, B, and C. The standard
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Fig. 5. Imbalance load compensation with PV power
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deviation of the load power is 4.714. The maximum PV
output power is approximately 15 kW. The simulation
results are presented in Fig. 5. If the inverter transfers 10
kW power to the grid by phase A, then the power is
balance from the grid at 10 kW of each phase. But the PV
power still remains approximately 5 kW, so the remained
power is continuously transferred to the grid by all three
phases (1/3 of remained power on each phase). We can see
the grid power is balance around 8.5 kW (8.612 kW on
phase A and B, 8.45 kW on phase C) which is lower than
average load power (13.3 kW). It means that the imbalance
load is totally covered by the PV power. The magnitudes
of the inverter output currents are imbalanced but their
phases are balanced as in Fig. 5(b). It means that the
inverter does not receive any power from the grid during
the operation. The inverter output powers on three phases
are positive value as in Fig. 5(c). By using the inverter
for compensating imbalance load power, the standard
deviation of the grid power is 0.1824 which is much
smaller than one of load power (4.714).

3.2 Case study 2: Imbalance power is higher than the
maximum PV power

The load powers are set up as the same as the case study
1. But the maximum PV power is, now, 0 kW (night time).
The simulation results are shown in Fig. 6. Load power of
phase A is the highest (20 kW). The inverter currents of
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(b) The inverter output and grid power comparison

Fig. 6. Imbalance load compensation without PV power

phase B and C are shifted 180° as in Fig. 6(a), which
indicate that the inverter absorbs energy from the grid by
phase B and C, and then injects again to the grid by phase
A. Fig. 6(b) illustrates that the inverter absorbs power from
the grid approximately 3.5 kW (negative value) by phase B
and C while injects power to the grid approximately 7 kW
by phase A (positive value). Then the grid powers on three
phases are 13.4 kW, 13.15 kW and 13.05 kW at phase A, B,
and C, respectively. These powers approximate to the
average power of load power (13.3 kW). This is one of the
inherent differences between PV inverter with and without
imbalance load compensation function. In this case study,
the standard deviation of the grid power is 0.1472 instead
of 4.714 as the standard deviation of the load power.

3.3 Case study 3: Transient conditions

A 10 kW power load is suddenly disconnected at 0.15 s
on phase B. Now, the load powers are 20 kW, 0 kW, and 10
kW at phase A, B, and C, respectively. The inverter absorbs
10 kW power from the grid through phase B and then re-
delivers them back to the grid by phase A, as in Fig. 7(a).
The inverter output power on phase C is almost 0 kW. The
imbalance load is compensated successfully for all three
phases even when one phase is disconnected and during the
transient period. The transient time of the inverter is
approximately 60 ms (~4 cycles) and then recovers the
steady-state.
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Fig. 7. Transient response of the PV inverter
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Conventional PV inverter transfers only maximum PV
power to the grid with balance power in the three phases.
But the PV inverter with imbalance power load
compensation function has different characteristics. When
the maximum PV power is higher than the imbalance
power, the PV power will be transferred to the grid with
imbalance power in three phases which mean that the
imbalance power is supplied by the inverter but not the
grid. On the contrary, if the maximum PV power is smaller
than the imbalance load power, the inverter will receive the
power from the grid through one or two phase and then
redistributes this power to the load via other phases.
Consequently, the power supplied to the load of the grid is
in balance between three phases.

4. Discussions

One of the most challenges of the PV inverter with
imbalance load compensation function is controlling
imbalance output currents of the PV inverter. The
challenges of the PV inverter with imbalance load
compensating function is simply overcome by the proposed
control algorithm which transforms all time-varying
reference signals to constant at two different rotating
reference frames. Firstly, the proposed control algorithm
has fully conventional function of a general PV inverter
to transfer maximum PV power and control independently
active and reactive power into the grid by a PI controller
at the 60 Hz rotating reference fame. The imbalance load
power is compensated by the PI controllers in the 120 Hz
rotating reference frame. The maximum PV power was
transferred to the grid and the imbalance power load was
compensated successfully by the proposed control
algorithm in both day-time, nigh-time, and during the
transient period as depicted in Fig. 5, 6 and 7.

Dead-beat (DB), proportional-resonant (PR) and
Fuzzy controllers were proposed to control a time-varying
reference signal in power-active filter, motor control, and
also inverter system and have impressive performance [1,
5-7, 13]. The advantages of the DB controller are accuracy,
and fast response. The output signal can track the reference
signal after several control cycles and can be predicted.
However, it requires both precise model of the control
object and delay of controller, measurement, and PWM
generator. The PR controller was proposed to control a

sinusoidal reference signal at a specific frequency [6, 7, 13].

The PR control has large high gain at only selected
frequency but has no effect to other frequency signal.
However, in practical, there are still many problems related
to stability and implementation [13]. That’s why it is not
suitable for commercial products in mass production.
The fuzzy logic and hysteresis controllers are suggested
to control the inverter as in [12, 14-16]. The hysteresis
has complicated switching state due to its non-linear
characteristic. The fuzzy logic, otherwise, requires high
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mathematical skill to understand and implement it to the
system.

The control algorithm is proposed to simply overcome
the difficulties of controlling a time-varying signal a
three-phase four-wire PV inverter with imbalance load
compensation function. However, this is only able to apply
to the inverter with imbalance load power compensation
function. The proposed control algorithm should be more
studied to apply to other applications.

5. Conclusion

In this paper, a new control algorithm has been proposed
for a three-phase four-wire PV inverter with imbalance
load compensation function. The control algorithm
includes dc-link voltage controller and current controllers
in two different rotating frames. It fully takes advantages of
the conventional PI controller in a general inverter such as
independent active-reactive power control, zero steady-
state error, stability, and simplicity. The simulations of the
PV inverter with imbalance power compensation function
are carried out using PSIM in three difference cases. The
simulation results demonstrate that the proposed control
algorithm has good performance for imbalance power
compensation. The standard deviation of grid power
reduces significantly compared to one of the load power.
The proposed control algorithm can be effectively utilized
to a three-phase four-wire PV inverter with imbalance
power compensation function.
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