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ABSTRACT 
This paper presents a novel seamless switching technology between different operating 
conditions of the Unified Power Quality Conditioner (UPQC) with the energy storage 
system. Frequent start and stop of the series inverter will cause shock and loss under 
the conventional control method. Moreover, it is a key issue to achieve seamless 
switching when the UPQC operating condition changes. This paper proposes an 
improved power angle control (PAC) method to solve these problems. An agile power 
angle is calculated by this method under stable operating conditions. This feature 
enables the series inverter to share the load reactive power with the shunt inverter. On 
the other hand, both the series and shunt inverters are in an easy-to-switch operating 
state which can help achieve better seamless switching between different operating 
conditions. Simulation results show the shunt inverter capacity can be reduced up to 
47% due to the reactive power sharing by both the inverters which means the reactive 
power burden of the shunt inverter is great lightened. It is also found that the switching 
time is about 300μs faster and the maximum voltage fluctuation amplitude is about 90V 
smaller under improved PAC than the conventional control method. 

 

© 2021 Qu et al. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons Attribution Non-
Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly 
cited. (http://creativecommons.org/licenses/by-nc/4.0/) 
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1. Introduction 

With the rapid development of power systems and widespread use of nonlinear electronic equipment, the 
various issues of power quality (PQ) [1] like voltage swell, sag, interruptions, current and voltage harmonics are 
becoming a great challenge to the utilities [2]. In order to improve the power quality, static synchronous series 
compensator (SSSC) [3], static var compensator (SVC) [4], active power filter (APF) [5,6] and dynamic voltage 
restorer (DVR) [7], etc. are studied. However, most of these devices have a single function and can’t achieve 
coordinated control of power quality. Therefore, a unified power quality conditioner (UPQC) [8] which have multi-
function is proposed. 

The basic topology of UPQC-based system is shown in Fig. (1). It consists of two voltage source inverters which 
are connected back to back and share a common DC link in between. One inverter acts as a shunt APF (UPQCsh), 
whereas the other as a series APF (UPQCse). 

rT

1L

PCC

Load

seUPQC shUPQC  
Figure 1: Basic topology of UPQC-based system. 

The load-reactive power compensation in most of the UPQC-based power quality compensation applications is 
done by UPQCsh, whereas, the UPQCse is generally utilized to compensate voltage related problems. Power angle 
control (PAC) [9,10] is widely used in UPQC because it can better utilize the capacity of UPQCse to compensate 
load-reactive power by introducing a power angle difference between the source and load voltage, making their 
magnitudes always to be equal. 

Many types of research have been done on PAC of UPQC. According to the different power angle δ, the PAC of 
UPQC can be divided into active power compensation control (UPQC-P) [11], reactive power compensation control 
(UPQC-Q) [12], UPQC-S control (S for complex power) [13] and minimum energy control (UPQC-VAmin) [14,15]. A 
comprehensive review of UPQC is reported in [16]. A detailed comparison of design and operational aspects of 
UPQC-Multiconverter and UPQC-Distributed Generation in [17]. A 3-phase 4-wire UPQC structure is proposed in 
[18], which has the ability to achieve a dual compensation strategy. A novel nine switch UPQC is used in [19], which 
reduces the switching stress, less commutation, low losses with less cost. The loss comparison of UPQC-P, UPQC-Q 
and UPQC-S is proposed in [20]. Three control algorithms based on unit vector technique, single-phase d-q theory 
and Fourier analysis are applied on single-phase UPQC in [21], and the performance of the three control methods 
are compared for power factor correction, current and voltage harmonic suppression. Due to the UPQCsh being 
loaded heavily and the UPQCse being kept idle in steady-state cases, a new coordinated active power sharing 
control algorithm between shunt and series converters of UPQC is proposed in [22]. However, it ignores the 
coordinated reactive power control between shunt and series converters and the seamless switching problem of 
UPQC between different operating conditions. 

At present, there is little research about the seamless switching control under different conditions for the 
UPQC. Thus, this paper proposes an improved PAC algorithm that makes the UPQCse in an easy-to-switch 
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operating state by calculating an agile power angle under steady conditions. This improved method is also utilized 
to compensate voltage sag/swell while sharing the load reactive power between UPQCse and UPQCsh. 

2. The Improved Power Angle Control and Seamless Switching Strategy of 
UPQC 

2.1. Basic Principle of Power Angle Control 

Fig. (2) shows the system schematic of the UPQC integrated with the battery energy storage system (BESS) at 
the DC link of back to back connected converters. The main purpose of the UPQC is to transfer the power 
generated from the BESS to the load and also to improve the voltage and current power quality problems. This 
paper adopts the UPQC-S control strategy, which combines the advantages of UPQC-P and UPQC-Q. This modified 
approach is utilized to compensate voltage sag/swell while sharing the load reactive power between two inverters.  
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Figure 2: Schematic of three phase UPQC with BESS. 

The source voltage may be under three operating conditions: steady, sag and swell. The phasor representation 
of PAC is shown in Fig. (3). 

Considering the source voltage �̇�௦ as the reference phasor, during steady-state �̇�௦ and the load voltage �̇� will 
be at the same magnitude and in-phase.  
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Figure 3: The UPQC compensation phasor diagram based on PAC. 
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According to Fig. (3), a voltage �̇�se injected through UPQCse gives a power angle δ boost between �̇�௦ and 
resultant load voltage �̇�

ᇱ  maintaining the same voltage magnitudes. This causes the load current phasor 
advancement 𝐼̇ to 𝐼̇

ᇱ  maintain the same load phase angle 𝜑 relationship with load voltage. Therefore, the effective 
load phase angle with respective source voltage boosts from 𝜑 to 𝛼. The voltage fluctuation factor k, which is 
defined as the ratio of the instantaneous source voltage to the rated load voltage magnitude, is represented as 

𝑈௦ = 𝑘𝑈(0.85 ≤ 𝑘 ≤ 1.15) (1) 

The UPQCse can achieve the following three functions by adjusting the power angle: (a) Keep the magnitude of 
the load voltage at the desired level; (b) When the voltage sag/swell on the source side, there will be no impact on 
the load; (c) The load reactive power demand can be shared by UPQCse and UPQCsh. 

For rated steady state 

ห�̇�௦ห = ห�̇�ห = 𝑈 = 𝑥 (2) 

ቚ𝐼′ಽ̇||ห𝐼̇หቚ (3) 

Fig. (4) shows the detailed phasor representation to determine the series compensating voltage. 
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Figure 4: Compensation phasor diagram of UPQCse. 

From 𝛥𝐴𝐵𝐶 (Fig. 4), we can obtain the magnitude and phase angle of �̇�se 

𝑈se = √ℎଶ + 𝑤ଶ       =ඥ(𝑥 𝑠𝑖𝑛 𝛿)ଶ + [𝑥(1 − 𝑐𝑜𝑠 𝛿)]ଶ       =√2𝑈√1 + 𝑐𝑜𝑠 𝛿 (4) 

𝛾 = 𝑡𝑎𝑛ିଵ ቀ


௪
ቁ   = 𝑡𝑎𝑛ିଵ ቀ

௫ ௦ ఋ

௫ି௫ ௦ ఋ
ቁ = 𝑡𝑎𝑛ିଵ ቀ

௦ ఋ

ଵି௦ ఋ
ቁ (5) 

𝜑se = 180° − 𝛾 (6) 

and the active power and reactive power flow through of UPQCse 

𝑃se = 𝑈se𝐼௦ 𝑐𝑜𝑠 𝜑se    = −𝑈se𝐼௦ 𝑐𝑜𝑠 𝛾 = −(1 − 𝑐𝑜𝑠 𝛿)𝑈𝐼 𝑐𝑜𝑠 𝜑 (7) 

𝑄se = 𝑈se𝐼௦ 𝑠𝑖𝑛 𝜑se = 𝑈𝐼 𝑠𝑖𝑛 𝛿 𝑐𝑜𝑠 𝜑 (8) 

where 

𝛿 = 𝑠𝑖𝑛ିଵ ൬
𝑄se

𝑃

൰ = 𝑠𝑖𝑛ିଵ ൬
𝑄se 𝑡𝑎𝑛 𝜑

𝑄

൰ (9) 

where 𝑃 and 𝑄 are the load active and reactive power, respectively. 



Qu et al. Global Journal of Energy Technology Research Updates, 8, 2021 
 

58 

Fig. (5) represents the detailed phasor representation to determine the shunt compensating current. 
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Figure 5: Compensation phasor diagram of UPQCsh  

From 𝛥𝐷𝐸𝐹 (Fig. 5), we can obtain the magnitude and phase angle of 𝐼ṡh 

𝐼sh = ඥ(𝐼 𝑠𝑖𝑛 𝛼)ଶ + (𝐼 𝑐𝑜𝑠 𝛼 − 𝐼௦)ଶ       =𝐼ඥ1 + 𝑐𝑜𝑠 𝜑 − 2 𝑐𝑜𝑠 𝛼 ⋅ 𝑐𝑜𝑠 𝜑 (10) 

where 
𝛼 = 𝜑 − 𝛿 (11) 

𝜆 = 𝑡𝑎𝑛ିଵ ቀ


ூಽ ௦ ఈ
ቁ   = 𝑡𝑎𝑛ିଵ ቀ

௦ ఈି௦ ఝ

௦ ఈ
ቁ (12) 

𝜑sh = 90° + 𝑡𝑎𝑛ିଵ ቀ
𝑐𝑜𝑠 𝛼 − 𝑐𝑜𝑠 𝜑

𝑠𝑖𝑛 𝛼
ቁ (13) 

and the active power and reactive power flow through of UPQCsh 

𝑃sh = 𝑈𝐼sh 𝑠𝑖𝑛(𝜆 − 𝛿)     = 𝑈𝐼[𝑠𝑖𝑛 𝛿 (𝑐𝑜𝑠 𝛼 − 1) − 𝑐𝑜𝑠 𝛿 𝑠𝑖𝑛 𝛼] (14) 

𝑄sh = 𝑈𝐼sh 𝑐𝑜𝑠(𝛿 − 𝜆)      = 𝑈𝐼[𝑐𝑜𝑠 𝛿 𝑠𝑖𝑛 𝛼 + 𝑠𝑖𝑛 𝛿 (𝑐𝑜𝑠 𝜆 − 1)] (15) 

2.2. The Improved Power Angle Control 

Average reactive power distribution control was proposed in [23], in which the UPQCse and UPQCsh are 
controlled to provide one-half of the load reactive power demand, respectively. With this method, UPQCse is in an 
agile state and UPQCse can rapidly respond when a sag or swell occurs in the system. Based on this method, an 
improved PAC strategy is proposed, which can determine an agile power angle 𝛿 according to whether the 
capacity of the UPQCse meets the load reactive power demand. The principle for determining the agile power 
angle is as follows: 

Let 𝑄se,max be the maximum load-reactive power capacity of UPQCse. 

1) If the load-reactive power demand is less than 𝑄se,max (𝑄se,max ≥ 𝑄), let 𝑄 replace 𝑄se in equation (9) and 
take one-half of the calculated power angle. 

2) If the load-reactive power demand is more than 𝑄se,max (𝑄se_max < 𝑄 ), let 𝑄se_max replace 𝑄se in equation (9) 
and take one-half of the calculated power angle. 

Through the above principles we can obtain 𝛿. 

𝛿 =

⎩
⎨

⎧
1

2
𝑠𝑖𝑛ିଵ(𝑡𝑎𝑛 𝜑)，𝑄se,max ≥ 𝑄

1

2
𝑠𝑖𝑛ିଵ ൬

𝑄 𝑡𝑎𝑛 𝜑௦,௫

𝑄

()se_max
൰
 (16) 
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According to equation (16), when the load power angle φ is determined, the agile power angle δ0 is also 
determined. 

On the other hand, consider that the UPQC system is already working under improved PAC method, i.e., both 
the inverters are compensating the load reactive power and the UPQCse is controlled in an agile state, so seamless 
switching of the device between different conditions can be realized when there is sag or swell problem with the 
source voltage. Under improved PAC, the power angle δ is changed to 𝛿 in Figs. (4 and 5). The new detailed 
phasor representation is shown in Figs. (6 and 7). 

For UPQCse (see Fig. 6). 
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Figure 6: Phasor representation of the UPQCsh under-voltage steady condition.  

from equation (4), 
𝑈se = √2𝑈ඥ1 − 𝑐𝑜𝑠 𝛿 (17) 

from equation (6), 

𝜑se = 180° − 𝑡𝑎𝑛ିଵ ൬
𝑠𝑖𝑛 𝛿

1 − 𝑐𝑜𝑠 𝛿

൰ (18) 

For active and reactive power 
𝑃se = −UI(1 − 𝑐𝑜𝑠 𝛿) 𝑐𝑜𝑠 𝜑 (19) 

𝑄se = 𝑈se𝐼௦ 𝑠𝑖𝑛 𝜑se =UI 𝑠𝑖𝑛 𝛿 𝑐𝑜𝑠 𝜑 (20) 

For UPQCsh (see Fig. 7) 
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Figure 7: Phasor representation of the UPQCsh under-voltage steady condition.  
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from equation (11),  

𝐼sh=Iඥ(𝑠𝑖𝑛 𝛼)ଶ + (𝑐𝑜𝑠 𝛼 − 𝑐𝑜𝑠 𝜑)ଶ (21) 

from equation (13),  

𝜑sh = 90° + 𝑡𝑎𝑛ିଵ ቀ
𝑐𝑜𝑠 𝛼 − 𝑐𝑜𝑠 𝜑

𝑠𝑖𝑛 𝛼
ቁ (22) 

For active and reactive power 

𝑃sh = 𝑈𝐼shsin𝜇 = 𝑈𝐼(1 − 𝑐𝑜𝑠 𝛿) 𝑐𝑜𝑠 𝜑 (23) 

𝑄sh = 𝑈𝐼sh 𝑐𝑜𝑠 𝜇 = 𝑈𝐼(𝑠𝑖𝑛 𝜑 − 𝑠𝑖𝑛 𝛿 𝑐𝑜𝑠 𝜑) (24) 

Table 1: Comparison with an existing method. 

φ 
Traditional Control Average Distribution Control Improved PAC 

Qse(p.u.) Qsh(p.u.) Qse(p.u.) Qsh(p.u.) Ph(p.u.) Qse(p.u.) Qsh(p.u.) Ph(p.u.) 

25° 0 0.4226 0.2113 0.2113 0.0264 0.2177 0.2049 0.0250 

28° 0 0.4695 0.2347 0.2347 0.0345 0.2443 0.2252 0.0318 

30° 0 0.5 0.25 0.25 0.0407 0.2623 0.2377 0.0369 

32° 0 0.5299 0.2607 0.2607 0.0478 0.2808 0.2491 0.0425 

 
It can be seen from equations (19) and (23) that, for ideal conditions, without any losses, the active power 

consumed by UPQCse should be equal to the active power fed back by UPQCsh and hence, the source current 
would be constant. Table 1 compares the results of the traditional control, average distribution control and the 
improved PAC. Where Ph is active power circulation. 

According to the analysis of Table 1, the seamless switching strategy by improved PAC has obvious advantages 
in sharing load reactive power of UPQCse and reducing the overall capacity of UPQC. At the same time, it does not 
increase the capacity of UPQCse, but only makes full utilization of the existing capacity of UPQC, which is helpful to 
reduce the cost. The active power circulation between UPQC and the line is also reduced compared with the 
traditional control. More importantly, UPQCse has always been in an agile working state, which reduces the shock 
and loss problem caused by frequent start and stops of UPQCse in the traditional control. In this article, the 
method of improved PAC can avoid the risk of the over-limiting capacity of the compensator and ensure that it 
operates in the most sensitive switching state. 

2.3. The Improved Power Control Approach Under Voltage Sag/Swell Condition 

If a voltage sag/swell condition occurs on the system, UPQCse and UPQCsh should keep supplying the load 
reactive power, as they were steady. Irrespective of the variation in the source voltage the UPQCse should maintain 
the same agile power angle 𝛿 between both the source and load voltages. However, if the load changes during 
the voltage sag/swell condition, the UPQCse will give a different𝛿. The size of the new 𝛿 angle would depend on 
the increase or decrease in load reactive power. 

The BESS will be working no matter what the voltage sag or swell and can absorb or provide active power to 
maintain constant output current. In order to achieve seamless switching between different conditions, always 
maintain the agile power angle 𝛿 of constant. 

2.3.1 Under Voltage Sag Condition 

Fig. (8) represents the phasor diagram to calculate the injected voltage magnitude and phase angle of UPQCse.  
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Figure 8: Phasor representation of the UPQCse under voltage sag condition.  

To calculate the magnitude and phase angle of �̇�se
′ , from 𝛥𝐵𝐶𝐷 in Fig. (8). 

𝑈se
ᇱ = 𝑈ඥ1 + 𝑘ଶ − 2𝑘 𝑐𝑜𝑠 𝛿 (25) 

𝜑se
ᇱ = 180° − 𝑡𝑎𝑛ିଵ(

𝑠𝑖𝑛 𝛿

𝑘 − 𝑐𝑜𝑠 𝛿

) (26) 

where 0.85<k<1 

For active and reactive power 

𝑃se
ᇱ = 𝑈se

ᇱ 𝐼௦
ᇱ 𝑐𝑜𝑠 𝜑se

ᇱ   = −𝑈se
ᇱ 𝐼௦

ᇱ 𝑐𝑜𝑠 𝛾 = −𝑈𝐼 𝑐𝑜𝑠 𝜑 ൬1 −
1

𝑘
𝑐𝑜𝑠 𝛿൰ (27) 

𝑄se
ᇱ =

1

𝑘
𝑈𝐼 𝑠𝑖𝑛 𝛿 𝑐𝑜𝑠 𝜑 (28) 

Fig. (9) represents the phasor diagram to calculate the injected current magnitude and phase angle of UPQCsh. 
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Figure 9: Phasor representation of the UPQCsh under voltage sag condition. 

To calculate the magnitude of the phase angle of 𝐼௦̇
′ , from 𝛥𝐺𝐸𝐻 in Fig. (9). 

𝐼sh
ᇱ = 𝐼ඨ1 +

1

𝑘ଶ
𝑐𝑜𝑠ଶ 𝜑 −

2

𝑘
𝑐𝑜𝑠 𝛼 𝑐𝑜𝑠 𝜑 (29) 

𝜑sh
ᇱ = 90° + 𝑡𝑎𝑛ିଵ ൬

𝑘 𝑐𝑜𝑠 𝛼 − 𝑐𝑜𝑠 𝜑

𝑘 𝑠𝑖𝑛 𝛼
൰ (30) 
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For active and reactive power 

𝑃sh
ᇱ = 𝑈𝐼 ൬𝑐𝑜𝑠 𝛼 −

1

𝑘
𝑐𝑜𝑠 𝜑൰ 𝑐𝑜𝑠 𝛿 − 𝑠𝑖𝑛 𝛼 𝑠𝑖𝑛 𝛿൨ (31) 

𝑄sh
ᇱ = 𝑈𝐼 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛿 + ൬𝑐𝑜𝑠 𝛼 −

1

𝑘
𝑐𝑜𝑠 𝜑൰ 𝑠𝑖𝑛 𝛿൨ (32) 

The BESS is utilized to control the UPQCsh output constant power, and the output source current is also 
constant. In this case, the current output by the UPQCsh 𝐼ṡhm is made up of the output current 𝐼ṡo by the BESS and 
the compensation current 𝐼′ṡh required for the operation of the device, we can get 

𝐼ṡhm = 𝐼ṡo + 𝐼ᇱ̇sh  (33) 

2.3.2. Under Voltage Swell Condition 

Under voltage swell condition, the UPQCse injected voltage magnitude and its phase angle are shown in Fig. 
(10). 
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Figure 10: Phasor representation of the UPQCse under-voltage swell condition. 
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Figure 11: Phasor representation of the UPQCse under-voltage swell condition. 

To calculate the magnitude and phase angle of �̇�se
ᇳ , from 𝛥𝐴𝐵𝐶 in Fig. (10). 

𝑈se
″ = 𝑈ඥ1 + 𝑘ଶ − 2𝑘 𝑐𝑜𝑠 𝛿 (34) 

𝛾 = 𝑡𝑎𝑛ିଵ ൬
ℎ

𝑦 − 𝑥 + 𝑤
൰ = 𝑡𝑎𝑛ିଵ ൬

𝑠𝑖𝑛 𝛿

𝑘 − 𝑐𝑜𝑠 𝛿

൰ (35) 

Therefore, 
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𝜑se
″ = 180° − 𝑡𝑎𝑛ିଵ ൬

𝑠𝑖𝑛 𝛿

𝑘 − 𝑐𝑜𝑠 𝛿

൰ (36) 

where 1<k<1.15 

For active and reactive power 

𝑃se
″ = 𝑈se

″ 𝐼௦
″ 𝑐𝑜𝑠 𝜑se

″ = −𝑈se
″ 𝐼௦

″ 𝑐𝑜𝑠 𝛾 = −𝑈𝐼 ቀ1 −
ଵ


𝑐𝑜𝑠 𝛿ቁ 𝑐𝑜𝑠 𝜑 (37) 

𝑄se
″ = 𝑈se

″ 𝐼௦
″ 𝑠𝑖𝑛 𝜑se

″ =
1

𝑘
𝑈𝐼 𝑠𝑖𝑛 𝛿 𝑐𝑜𝑠 𝜑 (38) 

The UPQCsh injected current magnitude and its phase angle are shown in Fig. (11). 

To calculate the magnitude and phase angle of 𝐼௦̇
ᇳ  , from 𝛥𝐸𝐺𝐻 in Fig. (11). 

𝐼sh
″ = 𝐼ඨ1 +

1

𝑘ଶ
𝑐𝑜𝑠ଶ 𝜑 −

2

𝑘
𝑐𝑜𝑠 𝛼 𝑐𝑜𝑠 𝜑 (39) 

𝜑sh
″ = 90° + 𝜆 = 90° + 𝑡𝑎𝑛ିଵ ቀ

𝑐𝑜𝑠 𝛼 − 𝑐𝑜𝑠 𝜑

𝑠𝑖𝑛 𝛼
ቁ (40) 

For active and reactive power 

𝑃sh
″ = 𝑈𝐼 ൬𝑐𝑜𝑠 𝛼 −

1

𝑘
𝑐𝑜𝑠 𝜑൰ 𝑐𝑜𝑠 𝛿 − 𝑠𝑖𝑛 𝛼 𝑠𝑖𝑛 𝛿൨ (41) 

𝑄sh
″ = 𝑈𝐼 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛿 + ൬𝑐𝑜𝑠 𝛼 −

1

𝑘
𝑐𝑜𝑠 𝜑൰ 𝑠𝑖𝑛 𝛿൨ (42) 

In this case, the current 𝐼ṡhm
ᇱ  by the UPQCsh is made up of the output current 𝐼ṡo

ᇱ  by the BESS and the 
compensation current 𝐼 ″̇sh  required for the operation of the device, which we can get. 

𝐼ṡhm
ᇱ = 𝐼ṡo

ᇱ + 𝐼sh
ᇳ  (43) 

2.4. UPQCse Controller 

Under voltage steady conditions, the value of the agile power angle 𝛿  is determined. With standard 
mathematical computation the required UPQCse injected voltage magnitude and its phase angle can be calculated 
by (17) and (18) respectively. Fig. (12) shows the UPQCse injected reference voltage 𝑈௦

∗ , 𝑈௦
∗ , 𝑈௦

∗ . The sinusoidal 
and cosine signals, at unity magnitude, from the phase-locked loop (PLL) are used to maintain the synchronization 
between the generated reference signal and the source voltage. Similarly, with ±120° phase angle differences the 
reference signals for the other two phases are generated. 
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Figure 12: The UPQCse injected voltage reference signals. 
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The control schematic for the UPQCse is shown Fig. (13). Based on p-q theory, the 𝑈௦ௗ
∗  and 𝑈௦

∗  are calculated. 
In order to compensate voltage harmonic, the required voltage harmonic compensation value is extracted by 
using a low-pass filter (LPF), which is used as the UPQCse reference voltage signals. In addition, a voltage 
feedforward compensation method is utilized to enhance dynamic performance of system. 
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Figure 13: Control schematic for the UPQCse. 

2.5. UPQCsh Controller 

The control principle of UPQCsh is similar to the UPQCse, the required UPQCsh injected current magnitude and 
its phase angle are calculated by (21) and (22) respectively. Figs. (14 and 15) shows the UPQCsh injected current 
reference signals 𝑖௦

∗ , 𝑖௦
∗ , 𝑖௦ 

∗  and control schematic for the UPQCsh, respectively. 
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Figure 14: The UPQCsh injected voltage reference signals. 

2.6. Energy Storage System Controller 

In this paper, the energy storage system utilises voltage and current double closed-loop control to improve the 
ability of bus voltage self-regulation. The power coordination control schematic of the energy storage system is 
shown in Fig. (16). 

where 𝑢dc
∗  is the DC bus reference value, 𝑢dc is the DC bus voltage measurement value, 𝑖cn

∗  is the reference current 
value, 𝑖cn is the actual output current value of the energy storage unit. 
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Figure 15: Control schematic for the UPQCsh. 
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Figure 16: Energy storage system control. 

3. Results and Discussion 

The performance of the improved PAC and seamless switching strategy has been verified by simulation. The 
main parameters are shown in Table 2. 

Table 2: UPQC parameters. 

Name Value Name Value 

rms utility voltage 380V UPQCsh filtering inductances L1 = 7.8mH 

Utility grid frequency fs = 50Hz UPQCsh filtering capacitances C1 = 1.16F 

SPWM switching frequency (series/shunt inverter) fsw = 16.7kHz UPQCse filtering inductances L2 = 2mH 

Capacitance of the dc-bus Cdc = 6600F UPQCsh and UPQCse capacity 10kVA 

DC bus voltage Udc = 800V Load capacity 10kVA(P=8.66kW，Q=5kvar) 

Maximum compensation voltage Usemax = 207.35V 
UPQCse filtering capacitances C2 = 5F 

Transformer ratio N = 2 

 

3.1. Steady-State Operating Conditions 

For a rated steady condition, the reactive power sharing feature of UPQCse and UPQCsh has been evaluated by 
MATLAB/SIMULINK. Figs. (17–22) shows the simulation results with the proposed control in this paper. 

As shown in Fig. (17), the unity power factor is achieved. It can be seen from Fig. (18) that the magnitude of the 
load and the source voltage is maintained at the desired level, but the phase angle is different. Fig. (19) shows the 
waveform of the DC bus voltage. The magnitude of the DC bus voltage is basically maintained at 800V, with only 
slight fluctuations at the beginning. As shown in Figs. (20 and 21), the reactive power output by UPQCse and 
UPQCsh is 2.623 kvar and 2.377 kvar, respectively. Both the UPQCse and UPQCsh supply the load-reactive power 
demand. Under the improved PAC, the UPQCsh capacity can be reduced up to 47%. The UPQCse outputs more 
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reactive power than the average reactive power control method. There is a minute active power exchange 
between UPQCse and UPQCsh, with a value of 0.407kW (about 0.45% of the system capacity). It can be seen from 
Fig. (22) that the reactive power output by UPQCse is always greater than the reactive power output by UPQCsh. It is 
also found that the improved PAC can make full use of the existing capacity of UPQCse and reduce the reactive 
power burden of UPQCsh. Under steady operating conditions, UPQCse and UPQCsh are controlled in an easy-to-
switch operating station, getting ready for seamless switching between different operating conditions. 
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Figure 17: Source voltage and current waveforms under steady-state condition. 
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Figure 18: Source and load voltage waveforms under steady state condition. 
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Figure 19: DC bus voltage waveform. 

t/s

0

0.08

0.16

0.24

0 0.12 0.20.04 0.08 0.16

0.30

Pse/kW

Qse/kvar

 

Figure 20: Active and reactive power waveforms of UPQCse 
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Figure 21: Active and reactive power waveforms of UPQCsh. 
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Figure 22: Reactive power of UPQCse and UPQCsh. 

3.2. Seamless Switching between Different Working Conditions 

Fig. (23-27) shows the simulation results for the proposed seamless switching control strategy under voltage 
sag and swell conditions. Before time 𝑡ଵ = 0.1𝑠, the UPQC system is working under steady-state conditions, 
compensating the load reactive power using UPQCse and UPQCsh. At the time 𝑡ଵ = 0.1𝑠, a sag of 15% is introduced 
on the system (sag last till time 𝑡 = 0.2𝑠). Between the time period 𝑡 = 0.2𝑠 and 𝑡 = 0.3𝑠, the system is again in the 
steady-state. A swell of 15% is imposed on the system for a duration of 𝑡ଶ = 0.3 − 0.4𝑠. 

-400

-200

0

200

400

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
-20

-10

0

10

20

t/s

O
ut

pu
t v

ol
ta

ge
/V

O
ut

pu
t c

ur
re

nt
/A

ca b

ca b

 
Figure 23: Source voltage and current waveforms. 

As shown in Fig. (23), the system is operated under the unit power factor. In order to maintain the active power 
balance in the system, the source current increases during the voltage sag and reduces during the swell condition. 
From Fig. (24), the load voltage profile is maintained at the desired level irrespective of voltage sag (decrease) or 
swell (increase) in the source voltage magnitudes. It can be seen from Fig. (25) that the reactive power output by 
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UPQCse increases during voltage sag and decreases during voltage swell, while the reactive power output by 
UPQCsh decreases during voltage sag and increases during voltage swell. UPQCse and UPQCsh can coordinate the 
power output and realize seamless switching between different states. Figures (26 and 27) shows the partially 
enlarged waveform of the proposed control and the conventional control method, respectively. It can be observed 
that the switching time is about 700µs, the maximum voltage amplitude during the switching process is about 85V, 
and has a smaller ripple voltage under the improved PAC method. However, when using the conventional control 
method, the switching time is about 1000µs, and the maximum voltage amplitude during the switching process is 
about 175V and has a larger ripple voltage. The switching time under improved PAC is about 300μs faster than the 
conventional control. Furthermore, the maximum voltage fluctuation amplitude during the switching process 
under improved PAC is about 90V smaller than the conventional control. Thus, the improved PAC can realize 
seamless switching of the UPQC system between different operating conditions, and improve the dynamic 
performance of the system. 
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Figure 24: Load voltage and current waveforms. 

 
Figure 25: UPQCse and UPQCsh reactive power waveforms. 
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Figure 26: Partial enlarged waveform of source voltage with the proposed control at switching time. 
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Figure 27: Partially enlarged waveform of source voltage with the conventional control at switching time. 

4. Conclusion 
In this paper, an improved PAC method of UPQC is proposed. The presented method is mathematically 

formulated and analyzed for voltage sag and swell conditions. The comprehensive equations for improved PAC 
can be utilized to estimate the required series injection voltage and the shunt compensating current (magnitude 
and phase angle). The significant advantages of the proposed method are as follow: 1) alleviates the shock and 
loss problems caused by frequent start and stop of UPQCse; 2) makes better utilization of UPQCse and reduce the 
burden on the UPQCsh. Simulation results show that the UPQCsh capacity is reduced up to 47%; 3) better seamless 
switching between different operating conditions. Simulation results show that switching time is about 300μs 
faster and the maximum voltage fluctuation amplitude is about 90V smaller than the conventional control. Future 
work may include experimental validation of the method used in this work. 
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