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Abstract—This paper develops a flexible power regulation and
limitation strategy of voltage source inverters (VSIs) under
unbalanced grid faults. When the classical power theory is used
under unbalanced grid faults, the power oscillations and current
distortions are inevitable. In the proposed strategy, the extended
power theory is introduced to compute the power feedbacks
together with the classical power theory. Based on the
combination of the classical and extended power theory, the
proposed strategy can achieve the sinusoidal current provision
and the flexible regulation between three common targets, i.e.,
constant active power, balanced current, and constant reactive
power. Meanwhile, the proposed strategy is associated with a
power limiter, which is capable to keep the currents under the
pre-defined threshold and to compute the maximum apparent
power for better utilization of the inverter capacity. With this
power limiter, the rated inverter capacity is fully used for both
the active and reactive power provisions under unbalanced grid
faults. Using the proposed power regulation and limitation, the
VSI can avoid overcurrent tripping and flexibly regulate its
power under unbalanced grid faults. All the conclusions are
verified by the real-time hardware-in-loop tests.

Index Terms—Flexible power regulation, Power limiter,
Voltage source inverter, Unbalanced faults.

I. INTRODUCTION

OLTAGE SOURCE INVERTERS (VSIs) are widely

used as the grid interface in the applications of renewable
energy systems, distributed generation systems, and electrified
transportation systems, where the dc power is converted to AC
power. In practice, VSIs may operate with unbalanced voltages
due to faults, low stiffness of the grid, unbalanced loads, etc
[1]-[3]. In recent years, various controllers are designed on
vector-orient control (VOC) and direct power control (DPC) to
guarantee the enhanced operation with the unbalanced
voltages.
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A classical VOC for unbalanced issues based on rotating
synchronization reference frame requires higher complex
phase-locked loop (PLL) to synchronize with the grid [4].
Another classical VOC designed in the stationary reference
frame may introduce more harmonics under unbalanced faults
due to the current references based on instantaneous power
theory [5], [6].

As an alternative approach, DPC has been studied to control
the active and reactive power directly without the current
control loop and PLL. A lookup-table DPC with hysteresis is
initially designed and the switching signals are selected from a
predefined switching table based on the signs of power errors
and the position of the voltage vector. However, it produces
substantial power ripples due to variable switching frequencies
[7], [8]. Several improved DPC strategies are developed in
[9]-[14]. In general, these strategies can be categorized into
two groups. One is the model predictive control (MPC)-based
DPC. MPC-DPC is developed with a cost function. By
minimizing the cost function, multiple-vector-based
MPC-DPC is developed with the constant switching frequency
[9], [10]. But it is nonlinear and complicated to implement with
additional computational burden. The other one is the space
vector modulation (SVM)-based DPC, where the SVM is
introduced to synthesize the voltage vector instead of the cost
function and voltage vector selection in MPC-DPC. In [11], a
proportional-integral plus resonant (PI+R) controller is
developed in the improved DPC with the adjustable power
compensations. However, the power compensations are
calculated on the basis of the positive and negative sequence
voltages and currents. Then, for removing the sequence
extraction, an extended active and reactive power-based DPC
is developed using the sliding mode control approach in [12].
However, the sliding mode controller is complicated to
implement to guarantee the convergence to its equilibrium
point. Recently, in [13], [14], a grid voltage modulated-DPC is
proposed which can well track the power reference and
maintain the highly sinusoidal current under balanced grid
voltage conditions. But this method is only suitable for the
balanced grid voltage, which restricts its application. Then, a
negative-sequence parallel compensator is designed for
guaranteeing balancing and sinusoidal stator currents in [15].
Further studies for achieving more control targets need to be
conducted for unbalanced issues.

Under unbalanced grid voltage, the converter current may
exceed its maximum value for tracking the prespecified
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average power due to the decreased positive sequence voltage.
Thus, a current/power limiter is essential to limit the currents at
a predefined threshold for unbalanced voltages. In [16], a
current limiter is designed on the basis of the current RMS
values. In [17], an individual current limiter of each phase is
proposed based on the current magnitude. In [18], the current
magnitude of each phase is obtained based on the power factor
and the voltage unbalance factor, while in [19], the
instantaneous current of each phase is calculated with positive
and negative sequence voltages. However, the complex
calculation of the current RMS values and magnitude is needed
with a higher computational burden.

It is mentioned in [20] that a limiter of the active and reactive
powers instead of the currents is preferred in the renewable
power generation. Meanwhile, a power limiter is designed to
limit the power reference under unbalanced faults, but it is
relevant to the phase angle between dual sequences and
complex to implement. In [21], a new normal power, referring
to the available converter rating under grid faults, is defined as
the maximum power value according to the positive and
negative sequence voltages under faults. The power limitation
is simply given for one specific target under unbalanced faults.

Thus, the motivation of this paper is to develop a flexible
power regulation and limitation of VSIs under unbalanced
faults. Compared with the previous research, the power
limiting method proposed in this paper can not only limit the
current under the safety value, but also fully utilize the inverter
capacity. Besides, the proposed method can provide a priority
between the active and reactive power provisions, especially
during grid faults. Under such case, according to the issued
grid codes in [22],[23], the reactive power is usually set to be
prior to the active power. With this method employed, the
reactive power requirement can be firstly met, and then by
fully utilization of the inverter capacity, the remain capacity is
for the active power provision.

In this paper, by combining the classical and extended power
theory, the flexible power feedbacks are detailly designed with
an adjustable parameter, which establishes a trade-off between
the current unbalance factor and twice grid frequency power
oscillations. Then, a power limiter is proposed to limit the three
phases converter currents under grid faults so as the converter
remains connected to the rest of the grid. Meanwhile, the rated
current is fully utilized for both the active and reactive power
provisions under unbalanced faults when there is a priority
between active power and reactive power. The paper is
organized as follows. Section II gives the mathematic model of
an inverter. In Section III, the feedback powers are flexibly
designed with an adjustable parameter, and a flexible power
limiter is developed. Then, the related results of the
hardware-in-loop (HIL) tests are discussed in Section IV.
Finally, Section V summarizes the conclusions.

II. MATHEMATIC MODEL

A. Power Analysis

In this paper, the grid voltage is assumed to be
simultaneously unbalanced but without regard to the
zero-sequence component in a three-phase three-wire system.

Thus, both the positive and
voltages/currents are expressed as,

negative  sequence

Ugy =Uggy +uga*’ Upp =Ugp, +ugﬁ* (1)
i, =1, +i,, iﬂ :ip+ +iﬂ7

a

where subscripts +, — refer to the positive and negative

sequence components,
Uy, =U,, cos(wt+6,,), u
s =U,, sin(@t+0,,), u, =U,_sin(-wt+6, )
i, =1 cos(wt+0,), i, =1 sin(wt+6,)
{za =1 cos(-wt+6_), iy =1 sin(—awt+6,_)
Based on the instantaneous power theory, the classical active
and reactive power are calculated as,

=U, cos(—wt+6
ga— g- ( U*) (2)

u

3)

Py =1.5Re[uy i, | = Py + Py + Py, W
0y =151 i,y | = oy + Qo + Ouio
where “*” denotes the conjugate of the complex phasors,
P =15y, b, +uugp iy +uu, 1, +u, i, )
=1.5U,.1, cos(0,,—0,)+1.5U, I cos(6,_—6.) )
Py =1.5(uy, 0, +ug,.iy )=15U, 1 cos(2wt +6,,-6,_)
Py =15y, i, +u, i, )= 1.5Ug_1+ cos(—2wt+6,_—6,)
O = 1.5(ugﬁ+i(Z+ Uy, g, Uy, Uy, By )
=1.5U,1,sin(6,, -6, )+1 5U, 1 sm(9u )
Ouir = 1.5y, 0, —tty,,ip )=1.5U, 1 sin (20t +6,, )
Ouur =1.5(uyy i, —uy, i, )=1.5U, I, sin(—2wt+6, —6,)
(6)

where Ug+, Ug- and L, I- are the amplitudes of positive and
negative sequence voltages and currents, 6.+, 6,- and &+, 8- are
the initial phase angle of positive and negative sequence
voltages and currents, @ is the angular frequency of the grid
voltage, respectively. The amplitudes of positive and negative
sequence voltages are obtained with 7/4 delayed signal
cancellation method where 7' = 20 ms is the fundamental
period.

Then, the extended active and reactive powers are calculated
with a one-quarter-of-fundamental-period delayed voltage
vector, corresponding to 90 electrical degrees which means
that the voltage vector is simply delayed by 7/4. The delayed
o- and f-axis voltages are expressed as,

Uy, =U,, cos(wt+6, —n/2)=U, sin(ot+6,,)=u,,

uy,, =U,, sm(a)t+¢9u+—ﬂ/Z):—Ug+cos(aJt+¢9 )=y,
g’a =U, _cos(—wt +6, +7z/2):—Ug n(-wt+6, ):—u -
U, =U, sin(-ot+6,_ +7/2)=U, cos(-ot+0, )=u,,

(7
where superscript ' refers to the one-quarter-of-fundamental-
period delayed vector.

The extended active and reactive powers are obtained by,

P, =15Im|u} i, | =Py, + Py +P

exi2 exu2

®)
Q =15 Re|: gaﬂ aﬂ] QexO + Qexil + Qexu2
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where
P =15, iyt iy —Uy, i, —U, i, )
=1.5U,.1, cos(6,, -0, )-1.5U, I cos(6,_—6_)
P, =1 S(ugwiaf Ugp,iy ) =1.5U, 1 cos(2wt+6,, —0_)
Py =1.5(-uy, i, —uy, i, )=-15U, I cos(-2wt+6,_—0,)
©)
Ouo =1.5Wyp, 1, Uy, dpy —Uy i, Uy, i)
=1.5U,.1,sin(6,, -6, )—-1.5U, 1 _sin(6,_-6,_)
Ouir =15y i, —u,,, i, =1.5U, 1 sin(2wt+6,, -6,)
Our =15y, iy, —u,, i, )=-1.5U, I, sin(-20t+6, —0.)

(10)

As seen, the oscillating parts of classical and extended

powers caused by negative sequence current and positive

sequence voltage are equal, while those caused by positive

sequence current and negative sequence voltage are opposite.
As a result, equation (11) is obtained as,

{R:liZ = PexiZ’ R:luZ = _F)exu2 (1 1)
chiZ = Qexi2’ chuZ = _Qequ

B. VSI Model

i o
j R L
L AN—YYN
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Ugb _>lb_IVV\,_fYYY\ Vo —

1 4F i

Fig. 1. Simplified circuit of voltage source inverter.

Fig. 1 gives a simplified circuit of a grid-connected VSI.
Since dc-dc converter in PV application or a rectifier in wind
application is connected to the dc side, a stiff dc source is
assumed and then the dynamic of the dc input is not included.
For simplified analysis, all the voltages and currents are
per-unit values. Accordingly, the dynamics between VSI
output voltage v, the grid voltages u and the output currents i in
the stationary reference frame can be expressed as,

di
L ;’ =-Ri,-v, +u,,
t
di (12)
iz—Ri —V,+u
dt s s gb

where vap, iap and ugap are the VSI output voltages, the output
currents, and the grid voltages, L and R refer to the filter
inductance and resistance, respectively.

The variations of active and reactive powers can be given as,

du j du di,
a7 :1.5[1'(Z 2 tu 4 — 4y J

dt dr g T Tg My

. 13)
dg, =l.5[i dugﬁ+u di—i dui—u di}

dt d  Ya 7 & " d

During network unbalance, the positive and negative
sequence voltages/currents can be expressed as (1).

Based on (2), the respective variation of o- and f-axis
voltage, containing both positive and negative sequence
components, can be obtained as,

du du

ga ' s ’
7 ——Q)I/lga dt ——Cl)blgﬂ (14)

Submitting (4), (12) and (14) to (13), equation (15) is
obtained as,

dpP
S X 00, - -07)
dr L L (15)
% =P, E el _in
dr L 2L
where U, is the grid voltage amplitude,
Ve | _|Uea  Ugp ||V (16)
Yo Ugp  “Uga || Vg

As seen, through regulating the active and reactive powers,
the modulated voltage vp and vq respective for active and
reactive powers can be simply produced as,

Ve | | | 2 I v{,

Vo e | 3 |V
where G(s) is a transfer function of power controller, Pg, and
O are the feedback powers,

ARy
Vo dr| O, Orr = On
eP _
eQ -

U? 1 o]~ 0 -1~
g | _ 2’_R cl + 26()L ex (19)
0 3 0 1 ch 3 1 0 ch

Based on the inverse of (16), the VSI modulated voltage in
the stationary reference frame can be deduced from the

modulated voltage vp and vq and calculated as,

v, 1 | Uy Uy ||V
Vp _Ué Ugp Uy || Vo

Consequently, the modulated voltages can be produced by
regulating the active and reactive powers in the stationary
reference frame without PLL and Park Transformations.
However, based on (4), the active and reactive powers contain
both the average part and the oscillating part with unbalanced
current provision. It is necessary to address the flexible power
regulation for a trade-off between the power oscillation and the
current unbalance. Meanwhile, under grid faults, the initial
power reference cannot be achieved due to the current safety
value. Consequently, a power limiter needs to be introduced for
keeping the currents under the pre-defined threshold and
operating for better utilization of the inverter power capacity.
Thus, the flexible power regulation and limitation need to be
developed for achieving the trade-off operation between the
power oscillations and the current unbalance and avoiding the
overcurrent tripping under unbalanced faults.

(17)

(18)

(20)

III. CONTROL SYSTEM

A. Power Regulation

This part is focused on the flexible power regulation of the
power oscillation and the current unbalance under unbalanced
faults. Instead of adding the specific power compensations to
the power reference, this paper develops the flexible power
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feedbacks through combining the classical and extended power
theory. In this method, the feedback powers are reconstructed
with an adjustable parameter A. For the average power tracking,
the coefficients of the extended and classical powers are
designed to be added to one. Then, the adjustable parameter is
between 0 and 1, i.e., A€[0,1]. Thus, the flexible power
feedbacks are designed as,

{be = AR, +(1_/1)Pcl
fb = (1_2’)Qex +1ch

Based on the previous analysis, the feedback powers consist
of both dc parts and oscillating parts at twice the grid frequency.
The power controller is capable of not only regulating dc
signals but also nullifying the oscillating signals at twice the
grid frequency. Consequently, a PIR controller with a cutoff
frequency is used in (18) and expressed as,

k.a.s
s+ s +40°

@n

G(s)=kp+£+
N

(22)

Since PIR controller can eliminate the steady-state errors at
twice the grid frequency, the oscillating powers are controlled
to be zero with specific negative sequence currents. Therefore,
the following equations can be obtained by,

Pcnz"’_(l - 2/1)})Clu2 =0
Ouio — (1 - 21) Quu =0
Submitting (5) and (6) into (23), the amplitude and phase

angle of negative sequence currents with an adjustable
parameter A can be obtained by,

(23)

1=(1-20)U, L [U,. (0<2<0.5) (24)
0.=0, -0,+0, +x

L=@ANUL U 452021 (25)
0.=6,-6.+0,

It is seen that the oscillating parts of feedback power at twice
the grid frequency in (21) can be eliminated only with negative
sequence currents injected, whose amplitude and phase angle
are specified with an adjustable parameter A in (23). In other
words, it only needs the injection of proper negative sequence
currents but not 3"-order harmonic currents. Consequently,
VSI currents remain highly sinusoidal under unbalanced faults.

According to (5), (6) and (23), the amplitudes of the
oscillating classical active and reactive powers are obtained as,

Py, =Py, + P, =34U, I, cos(-2wt+6, -0.,)
QCIZ

cli2 clu2

(26)
= chiz + Qc1u2 = 3(1 - A’)Ug—IJr Sin (_za)t + Hu— - 9i+ )

0.0 1.0

@

0.0

1.0
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Single-phase voltage sag is the commonest type of grid fault
and accounts for 70-85% [16], [17]. Thus, a single-phase sag,
e.g., the sag of phase A, is taken as an example representing
asymmetrical faults in the following analysis. The voltage sag
in phase A is recorded as u'g,=k g (k is the drop depth), while
the voltages in phase B, C remain nominal. As analyzed in [19],
with the symmetrical component method, the per-unit
amplitudes of positive and negative sequence voltages are
expressed as,

{Uy =(2+k)/3

27)
U, =(1-k)/3
Since  negative-sequence  powers  produced by

negative-sequence voltages and currents are relatively small,
they are nearly neglected. For simple analysis, the product of
the amplitudes of the positive sequence voltage and current can
be nearly regarded as the apparent power. Thus, the per-unit
amplitude of positive sequence current is obtained by,
==
2+k

where S is the per-unit value of the apparent power.

According to (23)-(27), the amplitudes of negative sequence
currents and oscillating amplitude of classical active/reactive
powers can be expressed as,

[ =3)1-22|(1-k)/(2+k)’ xS
P, =32(1-k)/(2+k)xS

(28)

(29)

O, ~3(1=2)(1-k)(2+k)<S

where Pcpm and Qcpm are the amplitudes of the oscillating
active and reactive powers, respectively.

As seen from Fig. 2, with an adjustable parameter A, the
amplitudes of the negative sequence currents and the
oscillating active and reactive powers can be flexible regulated.
A trade-off between the negative sequence current and the
oscillating power is achieved. In particular, the special
conditions of the control strategy can be divided into four
modes as shown in Table I.

TABLE 1
CONTROL MODES OF POWER REGULATION
Scheme Operation Targets A
Mode [ Constant active power 0
Mode 11 Balance sinusoidal current 0.5
Mode 111 Constant reactive power 1
Mode IV Flexible power regulation [0,1]

Oz 5 |
(p.u.)

0.0

0.0

1.0

(b) ©

Fig. 2 Plots with variable parameter A and drop depth & at S=1.0: (a) amplitude of negative sequence current; (b) amplitude of oscillating active power; (c)

amplitude of oscillating reactive power.
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B. Power Limitation

As seen from (28), the current would exceed the limited
threshold due to the voltage dip for the initial power delivery.
Then, the overcurrent tripping and disconnection arise. Thus,
together with the flexible power regulator, a power limiter must
be designed and applied to limit the apparent power under
unbalanced faults so that the inverter remains connected to the
grid.

With the predefined current threshold, the apparent power of
the converter must be updated in real-time based on various
voltages. It is called new apparent power (NAP). Normally,
NAP is less than the rated power of the converter, which
depends on the voltage sag. As analyzed, the peak currents are
determined not only by the apparent power but also the
coupling active-reactive power. If the converter operates at
unity or zero power factor without the coupling terms, the
apparent power in unity power factor (or zero power factor)
mode is minimum. Thus, to be conservative, the minimum
value of the active power in unity power factor mode and the
reactive power in zero factor mode can be set as NAP. Thus,
NAP is achieved by,

NAP = min (Pc]O 0u+ _0i+:O’Qc10 0u+ _0[+:7T/2) (30)
where
2
Py =15U, 1, +15U, I =1.5U,.1,[1-(1-22)k, |
@31
Quo =15U,,I, +1.5U, I =1.5U, 1, [1+(1-24)k;, |
where kpn =Uy-/Uy+ is the voltage unbalance factor.
-k
=— 32
" 2+k (32)
Accordingly, (30) can be simplified as,
NAP =1.5U,.1,[1-[1- 24k}, | (33)

The maximum current vector arises when the positive and
the negative sequence current vectors are in the same direction.
If the maximum current vector is coincided with A (or B, C)
axis, the peak current value in phase A (or B, C) is equal to the
amplitude of the current vector. Then, the maximum current
value can be calculated as,

L =1, +1_ =(1+1-24k, )1, <1,

(34)
where Imax 1S the maximum amplitude of current vector, /i, is the
per-unit value of the safe current threshold.
According to (28), (33) and (34), the maximum NAP is
obtained as,
(2+k)[1-[1-24k, ]
S = 2[1+1-24]k,, ] fa 33)
pn
where S is the maximum apparent power.

It is noted that the angle of the maximum current vector
varies between 0 and 27, which may not be coincided with A
(or B, C) axis. Under such case, the peak phase current value is
less than the amplitude of current vector due to the vector
projection. Consequently, S, is a relatively conserved value.

Fig. 3 illustrates the impact of variable parameter A and drop
depth k& on the maximum apparent power Sw. It is assumed that
the per-unit value of the safe current threshold is 1.0 p.u.. It is

1.0
(p-u.)
0.0
1.0~ ~li0
05 05
— s
k 00 0.0

Fig. 3 Plots of maximum apparent power with variable parameter A and drop
depth £ at 7;,=1.0.

demonstrated that the voltage drop will result in the reduction
of NAP. For a certain drop depth, NAP varies with the variable
parameter A. The maximum apparent power Sy arrives at the
maximum value at A=0.5, while it reaches the minimum valueat
A4=0.0 and 1.0. It means that for delivering more powers, Mode
I1, i.e., balanced sinusoidal currents, is suggested under voltage
sags.

C. System Implementation

During voltage faults, inverters are required to provide
grid-supporting functionalities, especially injection of the
capacitive reactive power. The reactive power is calculated as,

0 (U, >09)
Oui =1kQuu (1-U,.)  (1-1/ky <U,, <0.9)

0. (U, <1-1k,)
where Omax is the maximum output reactive power at Ug+, kq is
the proportional parameter which is initially set to be two if not
otherwise specified. When U+ drops below 0.9 p.u., as the
reactive power requirement enforced by Danish Grid Code in
[23], the inverter should provide 2% reactive power for every
1% voltage deviation. Since the reactive power is prioritized
over the active power during voltage sags, the full inverter
capacity would be assigned to reactive power under severe
conditions. In other words, the maximum reactive power
provided by inverters in (36) is set as the maximum apparent
power, i.e., Omax = Sih. Then, based on the maximum apparent
power in (35) and QOrr in (36), the maximum allowed active
power with current constraints is achieved as,

P =+Ss -0 (37)

During voltage sags, Pmax is always compared to the initial
reference power Pref. If Pmax > Preo, the amount of active power
injected into the grid before sag can be still delivered. If Pmax <
Prero, the inverter cannot inject the commanded active power
due to power limitation. Thus, the active power reference in (18)
can be obtained by,

(36)

P P.,<P
P _{ ref) ( ref0 max) (38)

ref —
Rnax (Reﬂ) > Pmax )

Fig. 4 gives the diagram of the power limitation so as to
facilitate understanding. In Fig. 4, P is the initial active
power reference, while Prs represents the active power
reference with the power limitation. Firstly, during grid fault,
together with the grid requirement, Qr.r is determined based on
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O = i

i Reactive Power Calculation 125
1 ]
Ug+ _E_, Equ. (36) i
i ¢ i
kpn —>{ Maximum Apparent] Sl Maximum Active )
] ma 1

! Pow;r Cal(;l;latlon ] Powcle:‘r Cal(;;latlou Active Power] ! Pref

T’ qu- (35) qu- (37) Calculation —i__’

” : Equ. (38) i
| Diagram of Power Limitation !

Fig. 4 The calculation flow chart of power limitation.
the positive voltage and the maximum reactive power Omax

according (36). Meanwhile, in (35), the maximum apparent
power Sy, is calculated with voltage unbalance factor &y, and the

adjustable parameter A determined by the external requirements.

Then, the available active power Pmax is obtained based on (37).
Finally, together with the initial active power reference, the
commanded value of the active power, being the smaller one
between Pref and Pmay, 18 given in (38). Except for the inverter
capacity for the reactive power provision, the surplus capacity
is fully utilized for the active power delivery.

Fig. 5 gives the proposed control block diagram for flexible
power regulation and limitation. Since the calculation of the
delayed voltage and positive/negative sequence voltage
amplitude is not in the scope of this paper, the voltage vector is
simply delayed by 7/4, where T = 20 ms is the fundamental
period. The amplitudes of positive and negative sequence
voltages are obtained with 7/4 delayed signal cancellation
method. Then, the active and reactive power references are
calculated with the positive and negative sequence voltages and
the adjustable parameter A through power limitation which is
shown in Fig. 4. PIR controllers are used to regulating the
power feedbacks, thereby resulting in a flexible power
regulation without any power compensation. Then, the
modulated voltage vp and vq respective for active and reactive
powers can be produced by (17). Finally, with the modulated
given in (20), the SVM technique is introduced to produce the
required switching voltage vectors with their duration time.

| i
Grid@—u—ﬂi—’\/\/\,—wﬁé%‘g‘_l_“‘

R L 1
A
Delay
Unit P 0 Vv
u i u' i l l —{ PWM
U
Power Extended Power| ‘_k Y T Tv
Calculati Caleulati Power 1 A
alculation alculation s E
Limitation ) qu.
Equ. (4) Equ. (8) [~ (20)

P 0 P o
l l l l P
A A e T g
Feedback Current Calculation , Equ.
Equ. (21) 0 _ a7
L N -y B

Fig. 5 Proposed control block diagram.

IV. HARDWARE-IN-LOOP TESTS

To validate the proposed power regulation and limitation, the
corresponding hardware-in-loop (HIL) tests are conducted
using RTLAB OP5700 and NI PXIe-1071. The equipment of
the HIL test is given in Fig. 6, where the main loop shown in
Fig. 1 is simulated in RTLAB and the control algorithm is

TABLE II
SYSTEM PARAMETERS
Parameters Values Parameters Values
Rated power 200 kW Rated voltage 310V
o 1007 rad/s DC voltage 600 V
L 2.0 mH R 0.01 Q

Electrical
signals

NI PXIe-1071

Oscilloscope

Electrical
signals

Fig. 6 HIL test setup.

realized through the NI PXIe-1071. The rated parameters are
listed in Table II. All the waveforms are acquired by an
Tektronix MDO3024 scope.

Fig. 7 gives the VSI performance under one single-phase
grid fault, in which ug, falls to 0.5 p.u.. Under such a case, the
commanded reactive power is set at 0.35 p.u., while the
commanded active power remains 1.0 p.u. due to no current
limitation. As seen, during the grid fault, the converter current
remains highly sinusoidal with its total harmonic distortion
(THD) being 1.4%. Then, as with the increasing adjustable
parameter A from 0 to 1, the negative sequence current is
flexibly controlled for achieving different power behaviors. It is
observed that both the active and reactive powers can be
regulated in a flexible way for some specific applications which
are sensitive to power oscillations. Under such a case, since the
positive sequence voltage falls to 0.83 p.u., for maintaining the
rated power delivery, the converter current will increase, which

is larger than the rated value all the time. The over-current
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Fig. 7 Results of converter current and power under a single-phase fault
without power limiter. (a) grid voltage (40ms/div); (b) inverter current
(40ms/div); (c) inverter active and reactive power (40ms/div).

phenomenon under the single-phase grid fault rises, which is
expected to be avoided.

Fig. 8 gives the converter currents and active/reactive powers
under one single-phase grid fault. The grid voltage condition is
the same as that in Fig. 7. Since the reactive power is in the
priority under grid fault, the commanded reactive power is set
at 0.35 p.u.. Then, based on (35), it is noted that the maximum
value of the NAP is relevant to the adjustable parameter L. As A
= (0.5, the NAP reaches its maximum value 0.83 p.u., while it
decreases to 0.67 p.u. at A = 0 or 1.0. Thus, the average active
power would change with the increasing adjustable parameter A
from 0 to 1. It can be seen from Fig. 8(b) that when the power
limitation control strategy is implemented, the average value of
the active power first rises and then falls. When A = 0.5 at ¢ =
200ms, the average active power arrives at its maximum value,
as shown in Fig. 8, which is consistent with the theoretical

analysis in Fig. 3. As seen, by enabling the power limiter in (37),

the converter current is always limited at a pre-defined
threshold under the unbalanced grid faults. In other words, the
power limiter avoids the over-current phenomenon under the
single-phase grid fault. Besides, the negative sequence currents
are also flexibly regulated for the achievement of the oscillating
power mitigation.

Fig. 9 gives the dynamic performance of the converter under
a single-phase voltage sag in which u,, falls to 0.5 p.u. at 60 ms.
In the tests, the active and reactive powers are initially set at 1.0
and 0.0 p.u., respectively. The adjustable parameter A is fixed at
0.5 for removing the negative sequence current and
guaranteeing a balanced current. Under such a case, the reactive
power reference is obtained as 0.35 p.u., while based on (37),
the active power reference is calculated as 0.75 p.u.,
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Fig. 8 Results of converter current and power under a single-phase fault with
power limiter. (a) converter current (40ms/div); (b) converter active and
reactive power (40ms/div).

respectively. The VSI current remains highly sinusoidal with its
THD being 1.5% under the single-phase voltage sag. The
converter current is controlled to be balanced without the
negative sequence components as required. Since the power
limiter is enabled, the converter current of each phase is always
limited at the rated value under asymmetrical voltage
conditions, which avoids the over-current phenomenon under
the single-phase voltage sag. Due to the interaction between the
positive sequence current and the negative sequence voltage,
the power oscillations are inevitable under such a case.

Fig. 10 gives the dynamic performance of the converter
under a two-phase voltage sag in which ug, and ug, falls to 0.5
p-u. at 60 ms. In the tests, the active and reactive powers are
initially set at 1.0 and 0.0 p.u., respectively. The adjustable
parameter A is fixed at 0.5 for removing the negative sequence
current. It is seen that the converter currents are balanced with
its THD being around 1.5%. During the two-phase voltage sag,
the converter current is always under the pre-defined threshold
without the over-current phenomenon.

Consequently, based on the aforementioned HIL test results,
it can be concluded that the proposed power control strategy
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Fig. 9 Dynamic performance under a single-phase voltage fault. (a) grid
voltage (20ms/div); (b) converter current (20ms/div); (c) converter active and
reactive power (20ms/div).

can provide both satisfactory steady-state performance and well
dynamic responses under unbalanced faults. Meanwhile, the
proposed method is more suitable for a VSI to regulate its
power oscillations in a flexible way for some specific
applications under unbalanced faults.

Tek I [ I 1 1

Converter voltage (130 V/div)

@ 500 20.0ms sook/x/A @D / 91H 2021
& soomv 100k & 30.0mV. 16:51:16

Tek % I (?) I
Converter curfent (520 A/div)
EACANVARTANTA I AT000R0NN000Y

VWANMIAN IV AN

@ 500mv 20.0ms sook/x/A @D / 91H 2021
500my 100k & 30.0mV. 16:54:15

Tek fi i3 | [ 1 |

Instantaneous active pgwer and reactive power
(100 kVA/div)
N "

P A ANV N NN

o

20.0ms sookZR/A @D / 91H 2021
100k & 32.0mV. 17:40:02
©

Fig. 10 Dynamic performance under a two-phase voltage fault. (a) grid voltage
(20ms/div); (b) converter current (20ms/div); (c) converter active and reactive
power (20ms/div).

& 50.0mv

V. CONCLUSION

This paper develops a flexible power regulation and
limitation of a VSI under unbalanced faults. By combing the
classical and extended power theory, the flexible power
feedbacks are fully designed with an adjustable parameter as
required for the achievement of the trade-off between the
current unbalance and the power oscillations. Then, the
available NAP is calculated on the basis of the adjustable
parameter and the voltage drop depth. Together with the
available NAP, a power limiter is developed under unbalanced
faults, which can keep the currents under the pre-defined
threshold and operate for better utilization of the inverter power
capacity under unbalanced grid faults. Thus, the VSI can avoid
overcurrent tripping while flexibly regulating the power
behaviors under unbalanced grid faults. All the calculations and
implementations are carried out in the stationary reference
frame without the need of the PLL. The real-time HIL tests also
verify that the proposed flexible power regulation and
limitation can provide both satisfactory steady-state behaviors
and dynamic responses.
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