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Abstract—The main objective of this work is to evaluate
the influence of an unbalance mitigation scheme on a grid-
tied PV system’s dynamic performance through electromagnetic
transient (EMT) simulation. The test bed has been built in
MATLAB/SimScape environment. A PV inverter control without
unbalance mitigation capability and another with such capability
have been implemented in the test bed. EMT simulation ex-
periments show that the unbalance control not only effectively
enhances transient stability of the grid but also limits the injection
of the negative-sequence current into the grid. The benefits of
the control are presented through two case scenarios, single-line-
ground fault and unbalanced grid voltage dip.

Index Terms—Solar photovoltatic (PV) grid integration, un-
balance control, fault analysis

I. INTRODUCTION

ITH high penetration of grid connected PV converters,
W operation of these converters under non-ideal grid
conditions such as asymmetrical short circuit faults is a critical
issue to be examined [1]]. Under these circumstances, real-
world field recorded data from Dominion Energy show that
grid-connected solar PV inverters are designed to suppress the
injection of negative-sequence current into the grid [2].

When the negative-sequence current is subdued in a grid-
connected voltage-source converter (VSC), its order typically
is commanded to be zero. Consequently, this setting leads
to fluctuation in the total instantaneous power and the dc-
link voltage due to the interaction between positive-sequence
current and negative-sequence grid voltage.

A more practical unbalance mitigation control design is
to eliminate power ripples. This is achieved by regulating
not only the positive-sequence current but also the negative-
sequence current based on computing. Such concept has been
demonstrated in the literature for VSC converters, e.g., [3],
[4], and for type-3 wind turbines [5].

Many papers in the literature assume that the outer loops of
the VSC control are implemented in the PQ regulation mode as
shown in [6]. On the other hand, PV regulation mode (dc-link,
and ac voltage regulation) is significantly more prevalent in
solar PV grid-connected converters. Therefore, in the current
paper, dc-link and ac voltage controls are adopted along with
the unbalance control on grid-connected solar PV system to
mitigate ripples in the total three-phase power and the dc
voltage.

In the current control implementation level, different meth-
ods have been introduced.

The double synchronous reference frame (DSRF) control is
an effective method to control both sequence currents [3|], [[7]].

The decoupled DSRF (DDSRF) is an enhanced technique of
DSREF to eliminate 2w ripples from each sequence transformed
dq currents [8]. Both DSRF and DDSRF are based on two
control loops using PI controllers for each sequence frame.

The second implementation method is based on the station-
ary frame. Unbalanced currents can be regulated in a single
control loop using proportional-resonant (PR) control [9], [[10].

In this paper, the unbalance control strategy with the goal
to eliminate ripples in the total power is implemented in the
stationary frame via PR current control for a three-wire three-
phase solar PV’s system, as shown in Fig. I} A grid voltage
dip and asymmetrical fault on the transmission line are applied
to analyze the unbalance control’s influence on the system’s
transient behavior. To demonstrate negative-sequence current
regulation and real power ripples mitigation, a case without
unbalance control scheme is also constructed for comparison.

The ensuing of sections are organized as follows. Section
IT presents the EMT test bed and the conventional control
structure of an PV inverter without the capability of unbal-
ance mitigation. Section III presents the details of unbalance
control implementation. Case studies and simulation results
are provided in Section IV. Section V summarizes the paper’s
main conclusions.

II. EMT TEST BED AND THE PV INVERTER CONTROL
STRUCTURE

A. EMT test bed

The EMT test bed used in this study is shown in Fig. [I] The
test bed is a three-phase grid-connected PV system developed
in MATLAB/SimScape environment. The PV farm consists of
four parallel PV arrays, and each array generates a maximum
power of 100 kW at 1000 W/m? sun irradiance. The PV
arrays are interfaced a two-level VSC through a DC/DC boost
converter for each array. The DC/DC converters are operated at
maximum power point tracking (MPPT)-perturb and observe
algorithm, to regulate the PV array voltage (V},,) at 260 V.
The VSC system is connected to a line through two Y-ground
Y-ground transformer step up the 260 V to a 25 kV line and
then to a 120 kV grid. The parameters of the test bed are
presented in Table [T

B. PLLs for Grid Synchronization System

Two phase looked loops (PLL) techniques are employed in
this study due to the grid synchronization system’s need. The
grid voltage phase angle is usually detected by a conventional
synchronous reference frame PLL (SRF-PLL). It is operated
usually along with conventional control for balanced cases
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Fig. 1: The EMT testbed: 400-kW solar photovoltaic system connected to a three-phase grid,

Table I: The PV testbed and VSC system control parameters.

Description Symbol Value
Grid Transmission line Ryp, X1, X1,/10, 0.2 pu
side System frequency f 60 Hz
power base S 400 kVA
ac voltage base Vac 260 V, 25 Kv
PV dc voltage base Ve 500 V
id VSC filter Ry, Xy Xy/50 , 0.156 pu
side
de-link capacitor Cec 0.02 F
PV inductor/capacitor Lpy, Cpo 5SmH, 100 pF
Outer voltage loops DC-voltage Ctrls kpp, kip 1,100
PCC-voltage Ctrls kpv, kiv 1, 400
VSC Conv. Ctrls kpi, ki 03,5
Inner current loops
control Unbalance Ctrls kp, kr 032,332
system SRF-PLL PI controllers Fop, ki 60, 1400
DDSRF-PLL

[T1]. However, when a grid subjects to unbalance, this PLL is
no longer properly detecting the angle due to voltage ripples
of its input. Thus, as an alternative, a decoupled DSRF-PLL
is suitable to be used with the unbalance control. This kind
of PLL is not only able to extract the phase angle accurately,
but also to cancel out ripples form its voltage input [3].

C. Conventional Control Structure

This subsection presents the inner control, sequence refer-
ence currents generation for unbalance control, and the outer
loop regulators.

Firstly, the conventional inverter control implemented in a
PLL enabled dq frame is presented in Fig. [J] The inverter
control regulates the dc voltage and ac voltage. The d-axis
current control is generated by the dc-link voltage control
while the g-axis current order is generated by the ac voltage
control. The inner current control is implemented in the dq
frame using PI controller to track the current orders. This
control structure is a well known structure and have been
thoroughly discussed in the classic book on VSC as well

as our own paper [13]].

III. UNBALANCE CONTROL IMPLEMENTATION

Next, we examine the unbalance control implementation,
shown in Fig. [3]
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Fig. 2: Conventional control structure block of a grid-connected VSC system,
namely as a conventional grid-connected control using dq reference frame

(1.

A. Unbalance Control: Inner Current Control Loop

The three-phase dynamic equations of VSC AC system is
expressed in abc frame as follows.

dic,,

Li=a

(D

= —Ryicy. + Vegpe = Upccy,,,

where v.,., and i., are three-phase output voltages and
currents of the converter. vy, is the voltages at Point of
Common Coupling (PCC)-bus, respectively. Zy = Ry + j Xy
is defined as filter impedance. (I)) can be represented to space-
phasor form as follows.

%
L; ddic e RT ATV T e @)

Eq. (@) can be then represented either in the stationary frame
(af-frame) or synchronous reference frame (SRF) (dg-frame).
At steady state, o components are sinusoidal waveform,
while dg components are DC signals.

Since each component in is defined such as 7 . =i, +
Jlegs @) can be formed in af-frame by splitting it into real
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Fig. 3: Unbalance control structure block of a VSC in a grid-connected system.

and imaginary part as in (3) and @).

dic .

Lf (tha = _Rf e, T ‘/;a - Vpcca 3)
dic, |

Lf dt = _Rf leg + ‘/cg - Vpccﬁ “4)

Due to the sinusoidal signals of «f-components, two
proportional+resonant controllers (PR controllers) can track
simultaneously a8 current orders. As a result, the converter
voltage can be regulated as:

‘/ca = Uq + Vpccay ch = Uup + Vpccﬂ (5)

2k
h o= -1, | k S
where u (Ix )<p+82+w8)
. 2k,
UQ = (I,B_Iﬁ) <kp+82+w8>

Note that V., and V., are linearly proportional to the mod-
ulation signals m, and mg, respectively, by a proportionality
gain of Vy./2. A control diagram of PR controllers regulating
sequence currents is illustrated in Fig. [3]

B. Unbalance Control: Positive-Negative Current Reference
Generation

The apf-frame current orders will be generated by a com-
puting block. This computing is based on the complex power
equation. The instantaneous complex power at PCC to be
delivered in the grid is expressed in space-phasor as follows.

SpCC = 7pcc?: = PpCC + jQpcc (6)

The space vectors in (6) may be defined in double dg frames
as the sum of positive and negative sequence vectors, such
A . et
that, Vipee = Viee, € + Viec, €77 Therefore,
rewritten as follow.

+ - i + 5 - i
Spcc — (qu 6Jwt + qu e jwt) (qu ejwt + qu e Jwt)*

can be

Pripple
= [Py + + Pea cos(2wt) + Psy sin(2wt) |
+ 3 [Qo + Qe cos(2wt) + Qs2 sin(2wt) }

Qripple

)

where w is the angular frequency. The notation “+” signifies
the positive components rotating in counterclockwise, whose
angle frequency is 0" = +wt. The “—” denotes the negative
components rotating in clockwise at § = — wt.

The real part of (7)) represents the total instantaneous active
power P, while the reactive power Q. is represented by
the imaginary part. Py and @)y are the average values of the
instantaneous active and reactive powers, respectively. P,o,
Pss, Q.2 and Q5o are the magnitudes of the double frequency
ripples of the instantaneous powers. Eq. can be formed in
a 6 X 4 matrix as.

B AR AR 7R A

Ql Vo Vo Vo Vil

Po| Ve Vo Vi V||l ®)
Py v, -V, -Vqr v, I

Qe v, v, Vv, v,

_QSZ_ —'Vd_ 'Vd_ Vd+ Vq+ J _I ; J

Because Q.o and Q4o do not affect the active power
oscillations; they can be ignored. Thus, they do not need to
be controlled. Hence, if the real power ripples are to be elim-
inated, with the PCC voltage’s positive-, negative-sequence
known, the current references can be found as follows.

ref

ref + + - - -1

I; Vo Vo Vo VW, Po = Ppec
+ + + - - rof

Ll Ve v Qo=Q:

1 Vi Vq Va Vq Po=0
- - - + +

I, Vo Va Vo Vg Py =0

)
To obtain the sequence current references orders, (8) can be
reduced to a 4 x 4 matrix since (J.2 and ()s2 are neglected,
then by taking the inverse of (7), as given in (9). The power
ripples (P2, Ps2) are set to zero to achieve proper reference
currents. Py and @)y are defined in this study as P;ch and
Q:Cfc , which are acquired from the outer loops, respectively,
as discussed in the following section,
Note that the dq reference orders are transferred into af-
frame. Thus, the sum of z::; . and 2227 provides the combined
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reference commands, 7, g o be implemented to the inner loop
controllers.

C. Unbalance Control: Outer Loops: dc and ac voltages
controllers

A challenge of implementation is how to determine the
power references: P;zfc and Q:;C. The outer loop control
regulated dc voltage and ac voltage. Thus, only dc voltage
reference and ac voltage reference can be treated as given.

In the conventional control shown in Fig. 2, the outer control
generates the dg-axis current references. Note that the dg-
axis currents at steady state are associated to PQ. Hence, it is
contemplated that the PQ references can be generated by the
outer control. This is the significant difference of the unbalance
control versus the conventional control. This strategy of real
power reference generation through dc-link voltage control has
also been used in [[14].

IV. CASE STUDIES & SIMULATION RESULTS

Two case scenarios are demonstrated to evaluate the 400-
kW PV dynamic performance under unbalance grid conditions,
which are single-line-ground (SLG) fault and grid voltage dip.
in test bed 1, the conventional control mode is used, while
testbed 2 uses the unbalance control mode. In both testbeds
the set-points of the dc-link and ac voltages reference (Vdr:f,

ef

Vprcc) are initially ordered at 1 pu. An average model for the

VSC is adopted for fast simulation speed.

A. Case-1: Performance of the systems during single-line-
ground fault

A SLG fault is applied on the transmission line at t =
0.6 sec for duration of two cycles. A dynamic performance
comparison of the conventional control and unbalance control
during the disturbance is shown in Fig. @ Results show time
domain responses of three-phase voltage at Bus-2, dc-link
voltage, PCC instantaneous active power, voltage magnitude
at PCC-bus, and the system frequency.

Due to the fault, high transients appear in the real power
when the conventional control is used. However, the unbalance
control is able to smoothen these transients.

The symmetrical sequence components of the faulty three-
phase currents are shown in Fig. [3] It can be seen that
overcurrent can be significantly reduced by the unbalance
control.

Remark: Compared to the conventional control mode, the
use of unbalance control mode enhances relatively the dy-
namic performance of the system by reducing overcurrent and
ripples in real power, dc-link voltage, voltage, and measured
frequency.

B. Case-2: Performance of the systems during grid voltage
dip

In this case, the dynamic performance of the 400-kW PV
system is analyzed when the grid subjects to a voltage dip.
The Vj in phase a falls to 0.7 pu during the time period from
0.6 sec to 0.8 sec.
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Fig. 4: Case 1: time domain simulation responses of SLG fault at 0.6 sec.
From top to bottom, three-phase voltage, dc-link voltage, PCC active power,
PCC-bus voltage, and system frequency.

2 Conv. Ctrl.
Unbalance Ctrl. 12
) =)
215 R
o o
1 s 0.8
0.6
0.6 0.65 0.7 0.75 0.8 0.6 0.65 0.7 0.75 0.8
1 __ 04
g é 0.2
>~ 05 .
z 2>
0 0
0.6 0.65 0.7 0.75 0.8 0.6 0.65 0.7 0.75 0.8
Time (s) Time (s)
(@ I" and I~ () V*and VT

Fig. 5: Case 1: dynamic responses of the symmetrical sequence current and
voltage components, due to SLG fault.

During the voltage dip, as illustrated in Fig. [f] it is evident
that the conventional control lacks the ability to cancel out
the frequency ripples of the real power and the dc voltage.
In contrast, when the VSC system is operated in unbalance
control, it ensures a stable operation of the system to deliver a
smooth real power into the grid by mitigating the oscillations.
Also, since DDSRF-PLL operated along with the unbalance
control, it is able to eliminate the ripples of the ac voltage and
system frequency.

The time-domain responses of the positive- and negative-
sequence currents (I +, I') and voltages (V+, V') during
the voltage dip are shown in Fig. [7] Both conventional and
unbalance controls inject 1.11 pu of I " to ensure delivering
the rated real power. However, the uncontrollable current
I settles at 0.21 pu in the conventional mode, while the
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Fig. 6: Case 2: time domain simulation responses of the system due to grid
voltage dip at 0.6 sec. From top to bottom, three-phase voltage, dc-link
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Fig. 7: Case 2: dynamic responses of the symmetrical sequence current and
voltage components due to grid voltage dip.

controlled I is limited at 0.1 pu in the unbalance mode. It
is obvious that the effect of the negative-sequence current is
influenced by the real power ripples (P;ipple). Thus, by setting
P and Pss in to be zero, the I can be limited. Since the
ac voltage is regulated, both the convectional and unbalance
modes show similar responses of V" before and after the
disturbance.

V. CONCLUSION

This paper analyzes the dynamic performance of grid-
connected PV system when unbalance VSC control is imple-
mented. In addition to mitigating ripples in the real power and
the dc voltage, the control adopts ac and dc-link voltage reg-
ulations. The effect of the unbalance control is demonstrated

by comparing its dynamic performance with the conventional
VSC control. During the fault, the unbalance control improves
the system’s transients and reduces overcurrents. When the
grid voltage is subjected to a phase dip, the unbalance control
is not only able to damp out the double frequency ripples in
the power, but also to limit the negative-sequence current.
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