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ABSTRACT

Unified power quality conditioner (UPQC) with energy storage is commonly based on conventional capacity con-
figuration strategy with power angle control. It has problems such as phase jumping before and after compensation.
DC-link cannot continuously emit active power externally. Therefore, this paper presents the compensation strategy
of full load voltage magnitude and phase in capacity configuration of UPQC. The topology of UPQC is integrated
a series active power filter (SAPF), a shunt active power filter (PAPF) and a photovoltaic-battery energy storage
system (PV-BESS). The principle of full load voltage compensation is analyzed based on the PV-BESS-UPQC
topology. The magnitude constant of load voltage is maintained by controlling the appropriate shunt compensation
current. Then the UPQC capacity configuration is carried out using the full load voltage compensation strategy.
The compensation capacity of UPQC series and shunt units are reduced. Finally, the simulation results show that
the proposed compensation strategy reduces the capacity configuration by 5.11 kVA (36.4%) compared to the
conventional compensation strategy. The proposed strategy can achieve full compensation of the load voltage,
which can effectively reduce the capacity allocation and improve the economy of UPQC. It also has the PV-BESS
units’ ability of providing active power and can stabilize the DC-link voltage.

KEYWORDS

Unified power quality conditioner; solar photovoltaic; battery energy storage system; full compensation; capacity
configuration strategy

1 Introduction

With the continuous development of the electric power industry, the power quality issue is
getting more and more attention. Compared with the traditional electrical loads, the new generation
of power distribution system consisting of power electronic devices also requires higher and higher
power quality. Power quality becomes a problem that cannot be ignored [1,2]. Therefore, various
power quality conditioners have emerged, such as active power filter (APF), static reactive power
compensator (SVC) and dynamic voltage restorer (DVR). However, these conditioners can only solve
part of the power quality problems. While the unified power quality conditioner (UPQC) can solve
most of the power quality problems, so it has been discussed and studied by scholars [3].
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At present, conventional UPQC has the problem of insufficient DC-link energy storage, which
limits the use and development of UPQC. Some scholars have proposed adding distributed generation
units on the DC-link for solving the problems such as low compensation efficiency of UPQC [4,5]. In
[6,7], authors proposed a PV integrated with UPQC to produce clean energy and improve the power
quality problems. However, long interruption and deep voltage sag were not considered in their study.
In such case, energy storage system like BESS can be interfaced with the PV-UPQC. It can be a great
support for continuously providing real power to the load. When UPQC operating in standalone mode,
BESS is most essential for renewable energy systems. The extra cost of the BESS is justified when the
system is applied for critical loads such as semiconductor industries, hospitals, etc. An uninterrupted
supply of best quality power is of supreme importance. Therefore, The UPQC is supported by the PV
and BESS was design in this work. The PV is attached to the DC-link through DC-DC boost converter
and the BESS [8,9]. Generally, the PV system supplies the active power to the load. But when the PV is
unable to supply the power. Then, the BESS activates and provides power especially during the longer-
term voltage interruption in order to enhance the stability of the distribution power system. In [10—
12], researchers tried to design the DC-link voltage regulation algorithm to ensure stable and constant
DC-link capacitor voltage. The UPQC controller become more complex and computational burden.
However, PV-BESS can be considered a better alternative since it can support DC-link capacitor of a
UPQC externally. It can reduce the burden on the DC-link capacitor.

For the UPQC-related compensation strategy with energy storage units on the DC-link, Devassy
et al. [13—15] proposed a UPQC power compensation strategy based on power angle control. The
series units emit a certain size of reactive power to share the capacity burden of the shunt units.
But the power angle is not necessarily equal to the phase jump angle of the grid voltage. It may
cause a phase jump before and after the load voltage compensation. In [16], a UPQC voltage
compensation strategy based on reactive power control is proposed. It eliminates the active circulating
current. But it presupposes that the compensation voltage on the series-connected unit should follow
the principle of mutual perpendicularity with the supply current. That makes the phase of the
compensated load voltage uncontrolled. It causes the phase jump of the load voltage before and
after compensation. In [17], authors proposed a compensation strategy based on coordinated active
and reactive power distribution. It maintains a constant compensation capacity of the shunt unit to
distribute the active power provided by the power supply and the energy storage unit. But the voltage
and current amplitudes on the series unit after compensation are large. That results in maintaining
a high compensation capacity of the series unit. In [18], a UPQC power coordination compensation
strategy where the load reactive power is mainly provided by the shunt unit is studied. When the load
reactive power demand is greater than the rated capacity set by the shunt unit. The excess is provided
by the series unit. But the capacity burden on the series unit is increased when the excess is larger.

It is thus clear that how to achieve full compensation of load voltage magnitude and phase.
While reducing the capacity configuration and cost of UPQC is an urgent problem in current UPQC
applications. Therefore, this paper takes the PV-BESS-UPQC as a topology of study. It analyzes the
problems of conventional PV-BESS-UPQC power angle control. Then the compensation strategy of
full load voltage magnitude and phase in capacity configuration has been proposed. Also, the capacity
configuration principles and methods of series and parallel units are analyzed. Finally, the correctness
and effectiveness of the proposed strategy are verified by simulation and experiment.
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2 Conventional Power Angle Compensation Strategy in PV-BESS-UPQC

The structure of UPQC mainly consists of a series active power filter (SAPF) and a shunt active
power filter (PAPF). The PV-BESS integrated UPQC is added with Boost converter and photovoltaic
array. The construction of PV-BESS-UPQC is displayed in Fig. 1.
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Figure 1: System configuration of PV-BESS-UPQC

When the UPQC with PV-BESS is in operation, the series compensation unit is equated to a
controlled voltage source. The series compensation unit is mainly used to compensate for the sudden
change of grid voltage, unbalance and harmonics to ensure the voltage quality on the load. The PV
array and BESS are connected to the DC-link through the DC/DC converter. It can suppress the
fluctuation of the DC-link voltage, buffer the voltage and power to ensure the stability of the DC-
link voltage. PV-BESS also provide active power to the load when necessary. Since the PV array is
connected to the UPQC DC-link directly, the PV array is constructed in a way such that the maximum
power point (MPP) voltage is equivalent to the reference DC-link voltage. During nominal conditions,
the rating of PV array ensures that the load active power is delivered by the PV array and power is
supplied to the grid and charging BESS by the PV array as well. Besides, the BESS is designed in a
way that, when the PV array generate less power than the DC-link load demand, the BESS provides
the insufficient power equivalent to the decrease in DC-link voltage. Moreover, when there is no power
produced by PV array, the BESS will supply the total load demand.

In conventional PV integrated UPQC compensation control, the series converter unit only
operates when voltage drops occur and only provides active power and does not participate in the
compensation of load reactive power. In [18], a UPQC-PV power compensation strategy based on
power angle control is proposed. It makes the series converter unit emit a certain size of reactive power
to share the burden of the shunt converter.

The phase diagram of UPQC-PV operation based on power angle control under voltage drops
is displayed in Fig. 2. The core of UPQC power angle control is how to select the power angle 4,
which can be changed by selecting different compensation voltage vectors Us,. While the power angle
8 also changes with the compensation angle Us,. Selecting different angles § can adjust the size of
the series converter output power. Thus, the coordinated power distribution can be achieved when
compensating the voltage. It is ensured that the series converter assures the load rating of UL after
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compensation. The selection of the shunt compensation current I, becomes more flexible due to the
existence of PV energy storage unit. However, in order to keep the series unit always at rated capacity,
this compensation strategy specifies that the rated operating voltage of the series unit U,, is equal to
the amplitude of Uy. The sum of the amplitudes of I cand ], py 18 equal to the active component of I, s0
that the series unit still maintains a high capacity burden U ' only achieves amplitude compensation,
but the phase jumps with Us. Consequently, the load Voltage will always have phase jumps under this
compensation strategy, which is not suitable for loads sensitive to phase.

A

Figure 2: UPQC-PV phase diagram based on power angle control

3 Strategy of Full Load Voltage Compensation in PV-BESS-UPQC

The magnitude and phase of voltage jump is the most common and the most concerned power
quality problem for power users. In response to the problem of load voltage phase which is often not
considered in the conventional energy storage UPQC power angle compensation strategy. This paper
proposes a full load voltage compensation strategy of magnitude and phase. Its compensation phase

~

diagram is shown in Fig. 3.

Figure 3: Phasor diagrams for full compensation of load voltage

As shown in Fig. 3, the supply voltage has a drop in amplitude and a jump fault in phase. At this
time, if it is not compensated, the load voltage will change with it. The load equipment cannot work
normally and cause economic loss to the user. The full load voltage compensation strategy means:
firstly, the series unit compensation voltage Uy, is controlled to change with the change of supply
voltage U’ after the fault. So that the compensated load voltage U’ will not change with the change
of U’ When the system works normally, let its amplitude and phase equal to the load voltage U,.
Thus ensuring the compensated load voltage U’ can be fully compensated. Since the load voltage
UL before compensation and the load voltage U’ after compensation are equal. The load current
I, before compensation and the load current I’ after compensation are also equal. Then the shunt
unit compensation current Iy, is controlled so that the phase of the power supply voltage I’ after
compensation is the same as the phase of the power supply voltage U’ after fault. So that the load
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power factor of the power supply before and after compensation is 1. At the same time, the amplitude
of the supply voltage also meets the active power conservation between the power, the compensation
device and the load.

In summary, the full compensation of the load voltage considers the following four factors: The
post-fault supply voltage U . 1s in phase with the compensated supply current I +» when the power factor
angle of the network side §’ = 0. The amplitude of the compensated load voltage Ui is equal to
the amplitude of the load voltage U, during normal operation of the system, when the amplitude
difference AU = 0. The phase of the compensated load voltage Ui is equal to the phase of the load
voltage U, during normal operation of the system, when the phase difference A§ = 0. The active
power conservation between the power supply, compensation device and load are conserved, when
AP = 0. The above four factors are also the four constraints of the UPQC voltage compensation
strategy, which are expressed in the (1) by the mathematical formula:

9,: |9U_91| :O
AU = ||U] - [0,
As=18—-681=0
AP:|PS_PPV—PL|:O
In Eq. (1), 6, and 6, indicate the phase angle of supply voltage and voltage and current, respec-
tively. ‘ U;|and ‘ U L‘ indicate the amplitude of load voltage before and after compensation, respectively.

8’ and § indicate the phase angle of load voltage before and after compensation, respectively. Ps, Py,
and P, indicate the active power of supply, UPQC DC-link PV energy storage and load, respectively.

=0 (1)

4 Capacity Configuration of PV-BESS-UPQC Based on Full Load Voltage Compensation Strategy

4.1 Selection of Compensation Current for UPQC Shunt Units

In the full load voltage compensation strategy, the magnitude of the supply current I ; needs to be
minimized in order to keep the compensation capacity of the series unit low. Since the magnitude of
the load voltage remains constant before and after compensation. J . 1s affected by the compensation
current of the shunt unit 7},. Therefore, it becomes essential to choose the magnitude of I}, to reduce
the capacity configuration of UPQC.

Specifically, the appropriate shunt compensation current I «, should be selected firstly. Its magni-
tude remains constant. As shown in Fig. 4, the end point A of 1, is the center of the circle, the amplitude
of I, is the radius of the circle. The intersection of circle A and Uy is B. In order to ensure that the

power factor of the compensated power supply is 1, it is necessary to keep the compensated power

. . —
supply current /g in phase with the power supply voltage U. OB is selected as the compensated power
supply current /5.

Figure 4: Phase diagram of I/, amplitude selection
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As shown in Fig. 4 above, the phase diagram of I/ +, amplitude selection is shown. The amphtude
selection method is as follows: In order to make the network power factor 1, it is ensured that the supply
current I . is in phase with the supply voltage U . after the fault. When the phase jump angle § of U’ is
equal to the maximum allowable jump angle SMAX (the variation range of § 1S —Syax < & < Smax)> the
load currents I, and I, remain unchanged before and after compensation. This paper makes a vertical

line from point A to U : and intersect at point C. Then OC is the supply current i . and CA is the shunt
unit compensatlon current [ - At this time, the vertical line CA is the shortest line segment from point

A to UL is the minimum shunt unit compensation current 7}, and the selected amplitude of 7.

The point P which ends of I, is used as the center. )CA| is chosen as the radius of the circle. The arc
CD is the trajectory of I}, end point.

In Fig. 4, the center of the circle is chosen with O at the end of Us. | Us,,| is the radius of the circle.
The line OA is its tangent. The magnitude of Us, and the magnitude of Us are related as follows:

0,
| Us|

In summary, U; varies within the circle O'.

— SiN Sy )

CTA‘ is the selected as the amplitude of 1,

4.2 Capacity Configuration of Series Unit of UPQC
For the convenience of analysis, the supply voltage drop factor k in (3) is defined as the ratio of
the magnitude of U; to the rated of Uy after the drop.

|
= 3)
Accordlng to the compensation triangle composed of phase quantities Us, %, and Us, in Fig. 4,
the amplitude and phase of Us, is obtained from the trigonometric cosine theorem as:
‘US, = U1+ k? —2kcos$d
ksin
arctan _KSmo kcoss <1 4)
Psr = - kcosism&
180° — arctan —————, kcos$ > 1
kcosd — 1 _
According to the compensation triangle formed by the phase quantities IS, ISh and [, in Fig. 4,
the amplitude of I is obtained from the trigonometric cosine theorem as follows:
L+ || =1 (cos 0 +8) — \/ sin® (8 + 8me) — sin” (0 + 5)) (5)

Iy is the current output from the PV array through the UPQC shunt cell. There exist the following
relationships:

1| = TcosO — |Is| = Tcos§ — —>—
COS 8 ax

(6)
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The phase angle § of i; is equal to the phase jump angle of Us. When § = §,,,,, it is easy to see
from Fig. 4 that the magnitude of I reaches its maximum value. Its magnitude is expressed as follows:

’

1
I =1. [(1 + ) -€OS (6 + Snay) — cos@] 7
max COS 8 ax

N

The compensation capacity of the series unit is expressed as:

SSr = ‘USr

. 1é|max = Sin 8,,,, Ul |:(1 + ) - cOS (6 + 8,ax) — COS 9i| ®)

cosé

max

Normally to meet the requirements of high power factor, power factor is generally required to be
0.85 to 0.9. The variation range of 6 is: 6 € (25°,32°). The Fig. 5 shows the three-dimensional trend
of the S, with the allowable jump angle § and the load power factor angle . From the Fig. 5, it can
be seen that the compensation capacity of the series unit reaches the maximum when 6 = 25.84° and
8max = 22°. The rated capacity of the series unit is designed as:

Sme = 0.19U7 ©9)

9= 25.84°
&= 22°
Ssr= 0.185469

Compensation capacity of series unit (Ul
o .

dmax (%)

Figure 5: Three-dimensional relationship between compensation capacity of series unit

In this conventional compensation strategy, it is stipulated that the amplitude of Uy, is equal to
the rated working voltage of the supply voltage. Since the load power factor 6 is greater than 0.9,
reactive power compensation is not required. The rated capacity of the series unit of this conventional
compensation strategy is designed as follows:

Ssmx = 0.9UT (10)
From Eqgs. (9) and (10), it can be seen that the installed capacity required for the series-connected

units of the compensation strategy proposed can be reduced 0.71UI compared to that of the
conventional compensation strategy.
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4.3 Capacity Conf iguration of Shunt Unit of UPQC
In Fig. 3, Uy is equal to U, during normal system operation. After a supply voltage drop, I, is
equal to I ! UL is equal to U’ The relationship is shown in (11).
|Us| =0, = 0| =U
. . (11)
L] =1 =1
From the selectlon method of I}, it can be seen that the amplitude of CALOC in Fig. 4. The

amplitude of I I}, is equal to the amplitude of c_ﬁ It is easy to find the amplitude in AOAC is
expressed as:

I, = I'sin (6 + 8,) (12)
According to the compensation triangle formed by the phase quantities I;, I;h, I, in Fig. 3, it is
obtained from the trigonometric cosine theorem that the relationship is expressed as:
I I
: ‘ L} = — Sh (13)
sin/OBA  sin (6 — §)
From the Eq. (13), ZOBA is derived as:
in(@ —§
(OBA = 90° + arcsin M (14)
SN (6 + Grna)
Further from the trigonometric relationship, the phase angle of I t, 1s derived as:
) sin (6 — 9)
, = 180° — LOBA 4+ § = 90° — _— ) 15
@si + arcsin (sm 6 8max)) + (15)

From the above analysis, it can be seen that the compensation capacity of the shunt unit under
the compensation strategy proposed in this paper is shown as follows:

Se = |UL||I,| = UI'sin (6 + 8,,) (16)

The relationship between the shunt unit compensation capacity Sy,, the power factor angle 0
and the maximum phase jump angle §,,, is shown in Eq. (16). When 6 + §,,,, = 90°, the shunt unit
compensation capacity reaches the maximum. The rated compensation capacity of the shunt unit is
designed as:

SS/7,max - UI (1 7)

In the conventional power angle compensation strategy shown in Fig. 2, the shunt compensation
capacity in the event of a supply voltage drop is obtained as:

Sg = U1 + cos?@ — sin 260 (18)

And the power factor is generally required to be 0.85 to 0.9. The variation range of 0 is: 0 €
(25.84°,32.79°). When 6 = 25.84°, the shunt unit compensation capacity reaches the maximum, so the
rated capacity of the shunt unit of this conventional compensation strategy is shown as follows:

SSh,max/ = UI (19)

From Egs. (17) and (19), it can be seen that conventional power angle strategy requires the same
installed capacity as the shunt units of the compensation strategy proposed in this paper.
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4.4 Capacity Configuration of PV-BESS Unit of UPQC

Configuration of PV-BESS unit capacity includes the capacity configuration of PV arrays and the
energy storage system. The capacity configuration in PV power generation output is mainly affected
by solar radiation illumination, ambient temperature and other factors. The capacity of PV arrays is
designed as follows:

Epy = Apy Gnpy i, (20)

where: A, is the area of PV panel receiving solar radiation. G is the value of light radiation. 7, is
the energy conversion efficiency of PV unit. 7, is the conversion efficiency of DC/DC converter of PV
unit. The energy conversion efficiency is also related to the temperature of the environment.

The capacity of the energy storage system is mainly determined by the following parameters: the
size of the active power of the load, the degree of drop of the supply voltage and the duration of the
drop. The capacity is determined by the worst possible working conditions of the user load. The worst
working condition of the load considers the situation of power interruption. When the energy storage
unit realizes the uninterrupted power supply to the load, that is, the load active power is completely
provided by the energy storage unit. The capacity of the energy storage unit is designed as follows:

PU(I
E,, = l}d't"\ (21)

de

where: P, is the active power of the load. U, is the DC-link voltage. ¢ is the duration of uninterrupted
power supply. A is the rated capacity margin.

In summary, the compensation strategy proposed in this paper achieves complete compensation of
the load voltage. Compared with the conventional compensation strategy, the compensation capacity
of UPQC can be greatly reduced. The capacity cost of UPQC series and shunt units can be saved.
Also, the capacity design of PV-BESS unit ensures the uninterrupted power supply to the load.

5 Control Strategy of PV-BESS-UPQC

5.1 Control Strategy of Series-Shunt Unit in UPQC

The Figs. 6 and 7 show the diagram of series and shunt units control strategy of UPQC. In these
figures, L, and L, are the series and shunt unit outlet filter inductors, respectively. Fig. 6 shows the
series converter control strategy unit. u* . 1is the reference value of series converter compensation

voltage in the three-phase coordinate system derived from Eq. (4). u* , is transformed by Park to

srabe

derive the compensation voltages u;, , u;, for the dg coordinate system. u,,, is the actual value of series
converter compensation voltage in the three-phase coordinate system. u,,,, is transformed by Park to
derive the compensation voltages u,,, u,, for the dq coordinate system. The difference between u* ,,
u;, and u,,, u, is controlled by PI to eliminate the steady-state error and to realize the series voltage
compensation function. u,, and u,,, can be added to the control link as feed-forward compensation to

increase the speed of the PI controller.

To achieve compensation of possible harmonic components in the supply voltage, the required
voltage harmonic compensation value is extracted by a low-pass filter. This harmonic compensation
value is used as part of the UPQC, reference voltage signal. PI control is used to decouple the p-axis
and g-axis for the error signal between the reference and actual value.

The control block diagram of the shunt converter unit is shown in Fig. 7. Based on the full
compensation strategy, UPQC,, reference current signals i* , i, and i* are transformed to obtain the

sha® “shb she
reference current signals i, and i, in the dg coordinate system. In order to achieve the compensation
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of possible harmonic components in the load current, the required harmonic compensation value of
the load-side current is extracted by a low-pass filter. This harmonic compensation value is used as a
component of the UPQC,, reference current signal to meet the requirements for the current waveform.
PI control is used to decouple the p-axis and g-axis for the error signal between the reference signal and
the actual value to complete the current tracking control compensation of UPQC,, . In addition, the
UPQC,, voltage feed-forward compensation is also added to the UPQC,, control in order to achieve
fast switching and response of the device.

u,, —ml
abc e
Uy, —ml to
dq
u, — N
u, —
> % S,
U, =1
> d [ Oy,
Reference 4w, g
Eq. (4) Py | voltage * to > = _>S4
—+> Uy | da abc Iy S
> [ 5
u, =y >
| 5 |s,
o —
e e |
u..
: Voltage Uga — o :
| z abc |
feed
| Uy, — to |
I forward J u |
q Sre
| control U, — d » LPF E
L J
Figure 6: Control strategy of UPQC series unit
Usar
Iy, =P
. abc i
Iy —m to i _ ;
q
; dq »| LPF -
, — A l.l 5
. > w ]S,
I, : =
" ' do | . | o LS
Eq. (12) Reference| * tg llh‘ §_ <
Eq. (15) | %o [ current i*,V dq abe il S =N
> she 5
> =
i, | ©
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o —
i — i
abc
Ly — to

dq Lo .

Figure 7: Control strategy of UPQC series unit
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5.2 Control Strategy of PV-BES'S Unit in UPQC

The PV-BESS configuration displayed in Fig. & comprises the PV array, BESS, Boost converter,
Buck/Boost converters. The BESS is attached parallelly to the DC-link capacitor utilizing buck-boost
converter, so the stability of the UPQC is improved for compensating power quality problem. The
BESS unit is charged and discharged through a bidirectional Buck/Boost converter connected to the
DC-link of the UPQC. It is in Buck circuit mode when T2 is disconnected and T3 is on, the power
supply charges the energy storage unit. It is in Boost circuit mode when T3 is disconnected and T2
is on, the PV-BESS unit releases excess energy to meet the requirements of the system load. Under
normal operating conditions, the output current Iy, of the UPQC shunt converter can be changed
to increase the power supply current /g, so that the power supply can generate more active power to
charge the BESS unit.

Lev Laess 1 I
de

. 2228 L . ~N 7
I N
Ts
PV array = pv DC-link UPQC = Coess ToH Cae DC-link UPQC

— C| T] -‘ Cdc —’— —’—

(a) (b)

Figure 8: PV array and bidirectional Boost converter structural diagram (a), BESS and bidirectional
Buck/Boost converter structural diagram (b)

When the grid voltage drop is deep, the PV-BESS unit can play a limiting role on the grid current.
It can reduce the risk of insufficient compensation capacity of UPQC in the case of deep grid voltage
drop. In order to meet the fast energy leveling and improve the DC-link voltage constancy, the DC-link
adopts the double closed-loop control strategy of voltage external loop control and current internal
loop control. It enhances the ability of bus voltage self-regulation.

The PV system output power, P, is boosted by the DC-DC Boost converter that control by
controller shows in Fig. 9. The controller of the DC-DC Boost converter is operating by getting DC
voltage error, upc,,,. The voltage error is calculated by comparing the given reference voltage, u,,,
which is 800 V. The reference voltage is assigned with instantaneous DC-DC Boost converter output
DC voltage u,.. However, the controller of the DC-DC Boost converter will break off the PV system
output power, P,, during battery’s state of charge SOCjygss is over or equal to 98% of battery capacity.
The reason is to keep away the battery from being overcharged and unstable. Moreover, the lifetime of
the battery can be reduced due to overcharging.

In Fig. 10, it shows the bidirectional converter Buck-Boost DC-DC controller for charging
and discharging mode that contains embedded internal control loops and external control loops.
The difference between the DC voltage reference value u,, and the actual output DC voltage upc
is generated by the PI controller to generate the internal loop current reference value IBEss, - The
difference between the izss,, and the actual current igss is realized by the PI controller to generate the
modulation signal of the DC/DC converter without difference control. It finally achieves the purpose

of stabilizing the DC voltage and regulating the power output.
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Figure 9: BESS DC-DC buck-boost converter controller scheme
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Figure 10: BESS DC-DC buck-boost converter controller scheme

6 Simulation Results

In order to verify the correctness and effectiveness of the proposed full load voltage compensation
strategy in capacity configuration of UPQC integrated PV-BESS. The series and shunt unit compen-
sation capacities are simulated using the MATLAB/Simulink simulation platform. The conventional
compensation strategy and the full load voltage compensation strategy proposed in this paper are
compared, respectively. The UPQC-PV related simulation parameters are set in Table 1.

Table 1: Main parameters of UPQC simulation

System parameter Parameter value
Voltage supply (V) 380

DC voltage (V) 800

Series converter L1=2mH,Cl =5uF
Shunt converter L2=2mH, C2=5uF
Series transformer ratio 1:1

Load power angle (°) 30

Rated load capacity (KV-A) 10

Capacity of energy storage unit (A-h) 10
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6.1 Case Study 1

The simulation is set at 2 s when the phase of the power supply voltage has a transient 20% drop of
amplitude (60 V) and a § = 15° phase jumping fault. Respectively, the conventional PV-BESS-UPQC
power angle compensation strategy and the full load voltage compensation strategy proposed in this
paper are compared. Load voltage phase jumping is verified by simulation. The obtained voltage and
current simulation results are shown in Fig. 11.

400

N
o
=]

Voltage/V

-200}

Figure 11: Conventional power angle compensation strategy supply voltage, load voltage waveform

The comparison of the supply voltage and load voltage waveforms before and after using the
conventional power angle compensation strategy is shown in Fig. 11. Before 2 s in the simulation, when
the supply voltage works normally, the load voltage U, is compensated by the series unit compensation
voltage vector Us,. The amplitude of U, is equal to the amplitude of U,. However, the phase jumps
with respect to the phase of Us. After 2 s in the simulation, when the supply voltage drops. The load
voltage only achieves the amplitude compensation but not the phase compensation after the series unit
compensates the voltage vector. The load voltage always has a phase jump.

When using the full load voltage compensation strategy proposed in this paper. The comparison
of supply voltage and load voltage waveforms before and after compensation is shown in Fig. 12a.
Before 2 s in the simulation, the amplitude and phase of load voltage U, are equal to supply voltage
Us after Us, compensation when the supply voltage is working normally. The amplitude and phase
of remains unchanged after compensation when the supply voltage drops 2 s later. After 2 s in the
simulation, the amplitude and phase remain the same after compensation. The load voltage is fully
compensated.

The waveforms of supply voltage and load voltage before and after compensation are shown in
Fig. 12b. When the supply voltage works normally, before 2 s in the simulation, the supply current
I is in phase with the supply voltage Uy after compensation by the shunt unit compensation current
vector Ig,'. After 2 s in the simulation, when the supply voltage drops, Iy and Uy are still in phase
after compensation by I,". The power factor is always 1 when the power supply before and after
compensation.

When using the conventional power angle compensation strategy. The active and reactive power
simulation waveforms of each unit of the system are shown in Fig. 13. When the supply voltage is
working normally, the power provides all the active power 8.66 kW to the load. The reactive power
provided by series unit is 7.50 kVar. The reactive power provided by shunt unit is 1.16 kVar. The
series and shunt units provide all the reactive power 8.66 kVar to the load. After 1 s, when the power
supply voltage drops, the active power provided by the power supply decreases to 6.93 kW. As shown
in Figs. 13a and 13d, the difference of active power 1.73 kW is provided by the energy storage unit to
the load through the shunt unit. Meanwhile, the active power absorbed by the series unit decreases to
3.34 kW. The reactive power provided by series unit increases to 7.99 kVar. The compensation capacity
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of 8.66 kVA after voltage drops is kept unchanged, as shown in Fig. 13b. The active power provided
by the shunt unit increases to 5.34 kW. The reactive power provided by the shunt unit decreases to
0.65 kVar. The compensation capacity after voltage drops increases to 5.38 kVA, as shown in Fig. 13c.
From the above simulation data, the total capacity provided by the system after the supply voltage
drop is 14.04 k VA using the conventional compensation strategy.
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Figure 12: The proposed full load voltage compensation strategy supply voltage and load voltage
waveforms (a), supply voltage and current waveforms (b)
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The simulation results using the compensation strategy proposed in this paper are shown in
Fig. 14. When the system works normally, the grid provides all the active power 8.66 kW. The shunt
unit provides all the reactive power 8.66 kVar to the load. The active power provided by the power
supply is reduced to 1.48 kW after 2 s. The difference of active power 7.18 kW is provided by the
energy storage unit to the load through the series and shunt units, as shown in Figs. 14a and 14d.
Meanwhile, the active power provided by the series unit increases to 0.80 kW. The reactive power
provided by the series unit increases to 1.25 kVar. The compensation capacity increases to 1.48 kVA
after a voltage drop, as shown in Fig. 14b. The active power provided by the shunt unit increases to
0.79 kW. The reactive power provided by the shunt unit decreases to 7.41 kVar. The compensation
capacity increases to 7.45 kVA after voltage drops in Fig. 14c. From the above simulation data, the
total capacity provided by the system is 8.93 kVA.
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Figure 14: Active and reactive power waveforms of proposed compensation strategy

6.2 Case Study 2

In order to further verify the function of UPQC with PV-BESS to supply continuous power to
the load when the supply voltage drops completely under the proposed control strategy. The power
supply is set to open circuit at 2 s. The system simulation results are shown in Figs. 15, 16a and 16b.
As shown in Figs. 15, 16a and 16b, the series converter compensates the load voltage to the rated
value with the amplitude of 310.26 V in the special case that the supply voltage drops to zero. It
ensures the uninterrupted power supply to the load. Fig. 16b shows that the feeder current magnitude
remains constant when the voltage drops completely. Figs. 17a—17d show that when the supply voltage
is normal, the power supply assumes the full active power of the load of 8.66 kW. The series converter
and shunt converter together assume the reactive power of 8.66 kVA. When the extreme case of the
supply voltage drop occurs, the PV-BESS unit provides the full active power of the load. At which time
the power of the load reactive unit is distributed in a coordinated manner.
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Figure 16: The proposed full load voltage compensation strategy supply voltage and load voltage
waveforms (a), supply voltage and current waveforms (b)

In summary, when in the case of a fault with a 20% drop in power supply voltage and a jump
in phase. The proposed compensation strategy increases the compensation capacity of shunt units
by 2.07 kVA compared to the conventional compensation strategy. But it reduces the compensation
capacity of series units by 7.18 kVA. That results in a reduction of 5.11 kVA (36.4%) in the total system
capacity. Therefore, the proposed compensation strategy reduces the capacity allocation of UPQC by
reducing the compensation capacity of series units. The series converter compensates the load voltage
to the rated value with the amplitude of 310.26 V in the special case that the supply voltage drops to
zero. It ensures the uninterrupted power supply to the load. The PV-BESS unit provides the full active
power of the load. At which time the power of the load reactive unit is distributed in a coordinated
manner.
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Figure 17: Active and reactive power waveforms of proposed compensation strategy

7 Conclusion

In this paper, a full load voltage compensation strategy in capacity configuration is proposed for
PV-BESS-UPQC. The problems of phase jump and high compensation capacity of series units after the
compensation strategy are pointed out. Then, the compensation strategies proposed in this paper are
analyzed. Through the comparative analysis of the two compensation strategies, the main conclusions
are as follows:

1) By reasonably distributing the power of UPQC series unit, shunt unit and PV-BESS unit, the
capacity configuration of UPQC can be effectively reduced and the compensation performance
of UPQC can be improved.

2) The PV-BESS unit is used to maintain the power supply current as the active component of the
load current under normal conditions. It reduces the feeder current increased when the power
supply voltage drops and eliminates the risk of feeder overcurrent in the distribution network.

3) In the special case that the power supply voltage drops to zero, the PV-BESS unit provides all
the active power of the load at this time. It ensures the uninterrupted power supply to the load.
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