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I.   Introduction 
NOWADAYS, the increasing use of nonlinear power electronics loads in industries [1] has led to 

harmonics generation. This poses great concerns for both the utilities and customers [2]. Voltage sags/swells in 

the supply voltage and poor power factor at the supply side also add to the number of power quality problems 

that the customers face [3]. As such, compliance with power quality standard, i.e., IEEE Standard 519, is 

pursued through the installation of compensating devices. Some of these devices that are able to resolve these 

power quality problems include the dynamic voltage restorers [4], [5], uninterruptible power supplies [6], active 

power filters [7]–[10], and unified power quality conditioners (UPQCs) [11], [12]. The UPQC is made up of the 

series and shunt active filters. It can be deployed in micro grids as well as in manufacturing plants like 

petrochemical plants and semiconductor plants that are dependent on a stable supply voltage Recently, 

significant attention has been paid to the control circuit designs of the UPQC to obtain fast response so that the 

UPQC can tackle most of the power quality problems in a power distribution system and replace some of the 

power quality devices to reduce space and resources. To further handle the inherent coupling effects between the 

series and shunt active filters, a coordinated control for the UPQC is preferred. While ensuring robustness and 

efficiency, the deployment of the UPQC has to be cost effective to remain competitive. As such, modern control 

theories are used in the control design for the UPQC [13]–[19]. In view of the above issues, this paper presents 

an output regulation-based controller (ORC) [15], [20] with Kalman filters for the optimum operation of the 

UPQC. The ORC is used to generate control signals for the active filters of the UPQC in a coordinated manner. 

While the ORC ensures the global stability, it also facilitates periodic reference tracking and disturbance 

rejection so that a wide range of power quality problems can be concurrently handled in a power distribution 

system. The proposed UPQC has the following capabilities:1) Harmonics compensation in the supply voltage 

and load current;2) Compensation of sags and swells in the supply voltage;3) Power factor correction at the 

supply side; and 4) Adaptive to the supply and load demand variations. The control design also includes1) an 

exogenous Kalman filter to extract the fundamental and harmonic components of the supply voltage and load 

current; 2) a plant Kalman filter as a state observer for the variables of the UPQC; and 3) a linear quadratic 

regulator (LQR)-based self-charging circuit to regulate the dc-link voltage of the UPQC to a desired level.The 

exogenous Kalman filter, being part of the control design, also functions as a harmonic extractor, similar to the 

idea proposed in [18], [21]–[23].  Furthermore, this exogenous Kalman filter also facilitates selective filtering of 

the harmonic components [10], and is highly responsive to abrupt variations in the operating conditions, i.e., 

voltage sags or load demand variations. Utilizing the plant Kalman filter as a state observer also relaxes the 

requirement of numerous state measurements by sensors.   

Abstract: This paper proposes a control design for the unified power quality conditioner (UPQC). 

This design, enabled by a control framework that employs the output regulation (OR) theory, is also 

made up of an Kalman filters used to extract the state components of the distorted supply voltage and 

load current, and as a state observer. In addition, the same framework integrates the major functions of 

the UPQC with ease to unify the treatments of several power quality problems including system 

harmonics in the supply voltage and load current, sags/swells in the supply voltage, variations in the 

load demands, and poor power factor at the supply side. A linear quadratic regulator-based self-

charging circuit is incorporated into the control design so that the UPQC operates without relying on 

an external dc source. Simulation and experimental studies on a single-phase power distribution system 

are used to verify the performance and real-time implementation of this control design with the UPQC. 

Index Terms: Harmonics compensation, Kalman filters, output regulation (OR), power quality, unified 

power quality conditioner (UPQC). 
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This results in a reduction in hardware circuitry, and manufacturing and maintenance costs. Simulation 

and experimental results for different operating conditions in a single-phase power distribution system are 

presented to validate the control design and its real-time performance. 

 

II.   Modeling of the Plant 

 
Fig. 1. Equivalent single-phase representation of the UPQC. 

 

The equivalent single-phase representation of the UPQC in a power distribution system is shown in 

Fig. 1 [19]. The distorted supply voltage 𝑣𝑠 at the point of common coupling is modeled by the sum of two 

voltage sources, namely, its fundamental 𝑣𝑠𝑓   and its harmonics𝑣𝑠ℎ . The nonlinear load is modeled by a 

distorted current source𝑖𝐿, which is also made up of its fundamental 𝑖𝐿𝑓  and its harmonics 𝑖𝐿ℎ  that will change 

with different loadings. The supply current and the load voltage are denoted by 𝑖𝑠  and 𝑣𝐿 , respectively. Ideally, 

𝑖𝑠 and 𝑣𝐿 should be sine waves of 50 Hz without any harmonic distortions, even though harmonics may exist in 

𝑣𝑠 and   𝑖𝐿. As such, this is one of the tasks to be accomplished by the UPQC. 𝑣𝑍  in Fig.1 models the voltage 

drop across the line impedance 𝑅𝑙 + 𝑗𝜔𝐿𝑙 . 
𝑢1(𝑣𝑑𝑐 2 ) and 𝑢2(𝑣𝑑𝑐 2 ) model the series and shunt active filters of the UPQC, respectively. Their 

associated low-pass interfacing filters and losses are modeled by 𝐿𝑠𝑒 , 𝐶𝑠𝑒 , and 𝑅𝑠𝑒  and 𝐿𝑠ℎ , 𝐶𝑠ℎ , and 𝑅𝑠ℎ , 

respectively. 𝑖𝐶𝑠ℎ  is the leakage capacitor current of the shunt low-pass interfacing filter. 𝑢1(𝑣𝑑𝑐 2 ) and 

𝑢2(𝑣𝑑𝑐 2 ) represent the switched voltages across the series and shunt VSI outputs of the UPQC, respectively. 

𝑣𝑖𝑛𝑗  denotes the injected voltage of the series active filter, while 𝑖𝑖𝑛𝑗  denotes the injected current of the shunt 

active filter. 𝑢1  and 𝑢2 will be determined by the ORC to be discussed in Section III-C; they are supposed to 

take continuous values between −1 and +1. These continuous values will be modulated by PWM to become the 

switching signals for the VSIs. (𝑣𝑑𝑐 2 ) is the desired voltage level of each capacitor unit for the UPQC. 

Kirchhoff’s voltage and current laws are applied to the three current loops indicated in Fig. 1 to derive 

a state space model for the UPQC 

 

From loop1, 

vs = i1 R1 + L1
di1 

dt
+ vinj + vL   (1) 

From loop2, 

u1
vdc

2
= Rse i2 + Lse

di2

dt
+ vinj       (2) 

𝑣𝑖𝑛𝑗 =
1

𝑐𝑠𝑒
 ( i1 + 𝑖2)𝑑𝑡               (3) 

From loop3, 

u2
vdc

2
− iinj Rsh − Lsh

diinj  

dt
= vL   (4) 

𝑖𝑠 + 𝑖𝑖𝑛𝑗  − 𝑖𝑐𝑠ℎ  = 𝑖𝐿   (5) 

In addition, 

i1 =is                                (6)  (3.6) 

i2 =ise  (7) 
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i3 =iCsh                               (8) 

where ise is the current flowing through Rse and Lse  

 

Rearranging above equations the following state space representation for the plant and its state vector can be 

derived: 

 X = Ax + B1(vs iL)
T
 + B2u (9) 

X=

 

 
 

𝑖𝑠
𝑖𝑠𝑒
𝑖𝑖𝑛𝑗
𝑣𝑖𝑛𝑗
𝑣𝑐𝑠ℎ 

 
 

 ;    A=

 

 
 
 
 
 
 

R1

L1
0 0 −

1

L1
−

1

L1

0 −
Rse

Lse
0 −

1

Lse
0

0 0 −
Rsh

Lsh
0 −

1

Lsh

1

cse

1

cse
0 0 0

1

csh
0

1

csh
0 0  

 
 
 
 
 
 

; 

𝑢  =   𝑢1 𝑢2 
𝑇;  B1 = 

0 0 0 0 −
1

csh

1

L1
0 0 0 0

 

𝑇

 
; 

B2= 
0 0

𝒗𝒅𝒄

𝟐Lsh
0 0

0
𝒗𝒅𝒄

𝟐Lse
0 0 0

 

𝑇

; 

And the output equation is given by, 

 y = Cx + D1(vs iL)
T
 + D2u     (10) 

where  

 𝐶 =  
0 0 0 0 1
1 0 0 0 0

 ;  𝐷1 =  
0 0
0 0

 ;  𝐷2 =  
0 0
0 0

 . 

 

In this state-space model, the supply voltage 𝑣𝑠 and the load current 𝑖𝐿 are considered as exogenous 

inputs, which act like disturbances to the plant. The load voltage 𝑣𝐿 and the supply current 𝑖𝑠 are then 

considered as outputs of the plant, which are to be maintained as pure sine waves of 50 Hz, as well as to help in 

achieving a unity power factor at the supply side, to be discussed in Section III-A. The variables 𝑢1  and 𝑢2  are 

regarded as the control inputs to the plant. It is worth mentioning that the state-space model of the UPQC in (9) 

and (10) is a multi-input-multi-output system such that it does not treat the series and shunt active filters as two 

separate systems. Rather, a coordinated control is applied to operate the series and shunt active filters of the 

UPQC in a unified manner more effectively and efficiently.  

Furthermore, since the distorted supply voltage 𝑣𝑠  and the nonlinear load current 𝑖𝐿 are considered as 

exogenous disturbances, the proposed control strategy also minimizes the negative effects of their variations. In 

addition, the active filters of the UPQC are made up of half bridge voltage source inverter. The sizing for the 

kVA capacity of the UPQC will depend on the functionalities of the UPQC.  

For example, the functionalities of the MVR controlled UPQC are compensating capabilities in harmonics (in 

the supply voltage and load current) and disturbances in the supply voltage, and power factor correction at the 

supply side. In [11], the kVA capacities of the series and shunt active filters of the UPQC with similar 

functionalities are 7.5% and 2.5%, respectively, of the load capacity. As such, this principle may be applied 

generally and in the sizing of the active filters of the proposed UPQC in the paper. 

 

III   Control Philosophy 
Next, this section discusses the formulation of the control design that aims to make the output of the 

plant 𝑦 =  (𝑣𝐿  𝑖𝑠)𝑇  track a reference  𝑟 =  (𝑣𝐿
∗ 𝑖𝑠

∗)𝑇  , under a periodic disturbance (𝑣𝐿  𝑖𝑠)𝑇  . The reference 

signals 𝑣𝐿
∗ and  𝑖𝑠

∗ are generally pure sine waves of 50 Hz without any harmonic distortions. Although various 

control strategies have been proposed for UPQC with some success, such as PI/PID [24], hysteresis control [13], 

[24], pole-shifting [25] and LQR/LQG [13], these methods do not guarantee that the steady-state error will be 

totally eliminated when the system is subjected to periodic references and disturbances. This paper proposes to 

apply the OR theory that utilizes a model of the reference and disturbance signals in the control design. In 

principle, this will provide a control configuration that can result in zero steady-state error. Furthermore, the 

proposed strategy treats the UPQC as a two input- two-output system directly, rather than two single input 

single- output systems as in some other methods. Thus, this will provide a more effective coordination of the 

two control variables 𝑢1  and 𝑢2 
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A. Construction of the Desired References 

First, let 𝑣𝑠 be represented by a Fourier series, 

 𝑣𝑠 = 𝑣𝑠𝑓 sin𝜔𝑡 +  𝑣𝑠ℎ
𝑁
ℎ=3,5,… sin ℎ𝜔𝑡 − 𝜃𝑠ℎ = 𝑣𝑠𝑓 + 𝑣𝑠ℎ     (11) 

 

Where 𝑣𝑠𝑓  denotes the fundamental component of 𝑣𝑠 with amplitude 𝑣𝑠𝑓 . 𝑣𝑠ℎ   denotes the harmonic components 

of 𝑣𝑠, with amplitudes 𝑣𝑠ℎ  and phase angles 𝜃𝑠ℎ .  

Then, from Fig. 1, (1) can be rewritten as 

  𝑣 𝑠 =  𝑣𝑠𝑓  +  𝑣 𝑠ℎ =  𝑣𝑧  +  𝑣𝑖𝑛𝑗  +  𝑣𝐿     (12)   

     

Here, our objective is to regulate 𝑣𝐿 to a clean sinusoidal voltage 𝑣𝑠𝑓 . As such, we fix 𝑣𝐿
∗ (the reference for 𝑣𝐿 to 

track) to be 𝑣𝑠𝑓 , which is simply the first part of (12) 

   𝑣𝐿
∗ = 𝑣𝑠𝑓 sin𝜔𝑡 = 𝑣𝑠𝑓       (13) 

 

In order to achieve this objective, the injected voltage 𝑣𝑖𝑛𝑗 will be 

   𝑣𝑖𝑛𝑗 = 𝑣𝑠ℎ + 𝑣𝑧   =  𝑣𝑠ℎ
𝑁
ℎ=3,5,… sin ℎ𝜔𝑡 − 𝜃𝑠ℎ − 𝑣𝑧    (14)  

 

where 𝑣𝑖𝑛𝑗  consists of 𝑣 𝑠ℎ  for harmonics compensation in the supply voltage and 𝑣𝑧  for compensating the 

voltage drop across the line impedance. After the initialization period of the UPQC, the amplitude of 𝑣𝐿
∗ is kept 

fixed to the predetermined amplitude of 𝑣𝑠𝑓 . In the event of a sag (or swell) in the supply voltage, 𝑣 𝑠 will be 

    𝑣𝑠 =  𝑣𝑠𝑓 − ∆𝑣𝑠𝑓 sin𝜔𝑡 +   𝑣𝑠ℎ − ∆𝑣𝑠ℎ 
𝑁
ℎ=3,5,… sin ℎ𝜔𝑡 − 𝜃𝑠ℎ      (15) 

 

where ∆𝑣𝑠𝑓  and ∆𝑣𝑠ℎ  represent a corresponding sag in the amplitudes of its fundamental and harmonic 

components, respectively. For 𝑣𝐿 to track 𝑣𝐿
∗, the injected voltage of (12) will  become 

  𝑣𝑖𝑛𝑗 = −∆𝑣𝑠𝑓 sin𝜔𝑡 +   𝑣𝑠ℎ − ∆𝑣𝑠ℎ 
𝑁
ℎ=3,5,… sin ℎ𝜔𝑡 − 𝜃𝑠ℎ − 𝑣𝑧                (16) 

 

In (16), the first and second terms compensate for the voltage sag in the amplitudes of its fundamental and 

harmonic components, respectively. The third term compensates for the voltage drop across the line impedance.  

Likewise, let 𝑖𝐿 be represented by a Fourier series 

  𝑖𝐿 = 𝐼𝐿𝑓 sin  𝜔𝑡 − 𝜃𝐿𝑓 +  𝐼𝐿ℎ

𝑁

ℎ=3,5,…

sin ℎ𝜔𝑡 − 𝜃𝐿ℎ   

 = 𝐼𝐿𝑓 sin 𝜔𝑡 cos 𝜃𝐿𝑓 − 𝐼𝐿𝑓 cos𝜔𝑡 sin 𝜃𝐿𝑓 +  𝐼𝐿ℎ

𝑁

ℎ=3,5,…

sin ℎ𝜔𝑡 − 𝜃𝐿ℎ    

  =  𝑖𝐿𝑓,𝑝
+ 𝑖𝐿𝑓,𝑞

+ 𝑖𝐿ℎ                                           (17)  

 

where 𝑖𝐿𝑓,𝑝
 and 𝑖𝐿𝑓,𝑞

 are the load instantaneous fundamental phase and quadrature currents, which are always in 

phase and 90◦ out of phase with the supply voltage, respectively. 𝐼𝐿𝑓  is the amplitude of 𝑖𝐿 and 𝜃𝐿𝑓  is the phase 

angle difference between 𝑣𝑠𝑓  and 𝑖𝐿𝑓  . 𝑖𝐿ℎ  is the harmonic components of 𝑖𝐿, with amplitudes 𝐼𝐿ℎ  and phase 

angles 𝜃𝐿ℎ  From Fig. 1, (5) can be rewritten as 

  𝑖𝑠 + 𝑖𝑖𝑛𝑗 = 𝑖𝐿 + 𝑖𝑐𝑠ℎ = 𝑖𝐿𝑓,𝑝
+ 𝑖𝐿𝑓,𝑞

+ 𝑖𝐿ℎ + 𝑖𝑐𝑠ℎ     (18)  

 

In order for the shunt active filter of the UPQC to perform harmonics compensation and power factor correction 

concurrently, 𝑖𝑠
∗ (the reference for 𝑖𝑠 to track) is set to be 𝑖𝐿𝑓,𝑝

 

  𝑖𝑠
∗ = 𝑖𝐿𝑓,𝑝

= 𝐼𝐿𝑓 cos 𝜃𝐿𝑓 sin𝜔𝑡       (19) 

 

In order to achieve (19), the injected current 𝑖𝑖𝑛𝑗  in (18) will be 

  𝑖𝑖𝑛𝑗 = 𝑖𝐿𝑓,𝑞
+ 𝑖𝐿ℎ + 𝑖𝑐𝑠ℎ         (20)  

 

where 𝑖𝑖𝑛𝑗  consists of 𝑖𝐿ℎ  for harmonics compensation at the load side, 𝑖𝐿𝑓,𝑞
 for power factor correction at the 

supply side, and 𝑖𝑐𝑠ℎ    for supplying the leakage capacitor current. The above construction of the desired 

references 𝑣𝐿
∗, 𝑖𝑠

∗ can also be extended to selective harmonic filtering easily. For example, if the third, fifth, and 

seventh-order harmonic components of 𝑖𝐿 may be excluded in the harmonics compensation, then 𝑖𝑠
∗ will be   

  𝑖𝑠
∗ = 𝑖𝐿𝑓,𝑝

+ 𝑖ℎ𝑆𝐻𝐶 = 𝐼𝐿𝑓 sin𝜔𝑡 cos 𝜃𝐿𝑓 +  𝐼𝐿ℎ
𝑁
ℎ=3,5,… sin ℎ𝜔𝑡 − 𝜃𝐿ℎ    (21) 
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where 𝑖ℎ𝑆𝐻𝐶  refers to the harmonic components of 𝑖𝐿 that are not “selected” for harmonics compensation. 

 

B. Modeling of the Exogenous Signals 

Since all the exogenous signals 𝑣𝑠, 𝑖𝐿, 𝑣𝐿
∗, 𝑖𝑠

∗ are periodic, they can be represented by a state-space model. 

For example, 𝑣𝑠 in (11) can be represented by 

   𝜉 𝑣𝑠 = 𝐴𝑣𝑠𝜉𝑣𝑠         (22) 

   𝑣𝑠 = 𝑐𝑣𝑠𝜉𝑣𝑠         (23) 

 

𝑖𝐿,,𝑣𝐿
∗, 𝑖𝑠

∗ can be modeled into a state-space form, although obviously the reference signals are sinusoidal, and 

their state vectors consist of two components only. All four state-space models can be combined into the 

following general form: 

   𝜉 = 𝐴 𝜉        (24) 

    𝑣𝑠    𝑖𝐿 
𝑇 = 𝑐 𝑤𝜉 + 𝑤      (25) 

   𝑟 = (𝑣𝐿
∗  𝑖𝑠

∗)𝑇=   𝑐 𝑑𝜉      (26) 

 

Which is called the exogenous system in this paper and 𝑤 is the unmodeled harmonic components of  𝑣𝑠    𝑖𝐿 
𝑇  . 

This state space model will be further discussed in Section III-D.  The values of ξ, which are needed by the ORC 

in Section III-C, can be obtained by passing the measurable signals 𝑣𝑠 and 𝑖𝐿 into a Kalman filter designed for 

the state space model (24)–(26). Since estimating the state ξ is equivalent to extracting the fundamental and 

harmonic components of the exogenous signals 𝑣𝑠 and 𝑖𝐿, the Kalman filter known as the exogenous Kalman 

filter in this paper serves as a replacement of the extraction circuit in conventional harmonics compensation 

designs. In some previous works of harmonics estimation [21]–[23], similar approaches of Kalman filtering 

have been adopted. The design of the exogenous Kalman filter will be discussed in Section III-D. 

 

C. Output Regulation-Based Controller (ORC) 

Substituting the exogenous system (24)–(26) into the state space model of the UPQC in (9) and (10), the 

following model obtained: 

   𝑥 = 𝐴𝑥 + 𝐵0𝜉 + 𝐵2𝑢      (27) 

     𝑦 =  𝐶𝑥 + 𝐷0𝜉 + 𝐷2𝑢      (28) 

 

The OR control law is then proposed as 

   𝑢 = 𝑈𝜉 + 𝐹(𝑥 − 𝑋𝜉)       (29)  

 

where 𝑢 is the control signal generated by the controller as the switching scheme for the UPQC. 𝑥 and 𝜉 are the 

respective outputs of the exogenous and plant Kalman filters which will be discussed in the next section. The 

matrix gains 𝑈 and 𝑋 are computed from a pair of linear matrix equations called the regulator equations 

   𝑋𝐴 = 𝐴𝑋 + 𝐵0 + 𝐵2𝑈      (30) 

   𝐶 𝑑 = 𝐶𝑋 + 𝐷0 + 𝐷2𝑈      (31) 

 

which will also transform the overall closed-loop system by multiplying (30) and (31) with ξ, subtracting them 

from (27) and (28) and then applying (24), (26) and (29) to become 

   
𝑑

𝑑𝑡
 𝑥 − 𝑋𝜉 =  𝐴 + 𝐵2𝐹 (𝑥 − 𝑋𝜉)     (32) 

                 𝑒 =  𝐶 + 𝐷2𝐹 (𝑥 − 𝑋𝜉)      (33) 

 

Where 𝑒 = 𝑦 − 𝑟 is the tracking error. Hence, if the matrix gain 𝐹 is chosen such that 𝐴 + 𝐵2𝐹 is Hurwitz the 

closed-loop system is stable In practice, e is satisfactorily small but nonzero due to the nonlinear effect of the 

PWM.  

Therefore, this paper also adopts another Kalman filter called the Plant Kalman filter in this paper to estimate 𝑥, 

to be discussed in Section III-D 

 

D. Exogenous and Plant Kalman Filters 

Although the control law (29) is effective, it is a state feedback control law and assumes that both the 

exogenous state 𝜉 and the plant state 𝑥 are available. In reality, it is possible to measure the latter using sensors, 

since the plant is a real physical system. However, it is impossible to measure 𝜉 directly since the exogenous 

system is actually a virtual system. Furthermore, even though it is possible to measure 𝑥, it might be undesirable 

to install so many sensors into the system since it will increase the cost. Without direct measurements of the 
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states 𝜉 and 𝑥, a possible way to estimate them reliably is to use Kalman filters. The state estimates provided by 

the Kalman filters can then be utilized by the state-feedback control law(29). 

The general theory of a Kalman filter can be summarized as follows. For a state-space model, 

  𝑥 = 𝐴𝑥 + 𝐵𝑢 + 𝑣𝑥         (34) 

  𝑦 = 𝐶𝑥 + 𝐷𝑢 + 𝑣𝑦        (35) 

where 𝑢 is the known input to the system, 𝑥 is the unmeasurable state, 𝑦 is the measured output, 𝑣𝑥  is called the 

process noise, and 𝑣𝑦  is called the measurement noise with zero means A Kalman filter, which estimates 𝑥 

based on the known input 𝑢 and the measured output 𝑦, is given by 

𝑥  = 𝐴𝑥 + 𝐵𝑢 + 𝐿(𝑦 − 𝐶𝑥 − 𝐷𝑢)      (36) 

 

where 𝑥  is the estimate of 𝑥, and the estimator gain 𝐿 is determined from the solution to the Differential Riccati 

Equation 

  𝐴𝑃 + 𝑃𝐴𝑇 −  𝑃𝐶𝑇 + 𝑁 𝑅−1(𝑃𝐶𝑇 + 𝑁)𝑇 + 𝑄 = 𝑃              (37) 

  𝐿 = (𝑃 𝐶𝑇 + 𝑁)𝑅−1       (38) 

 

where 𝑃 is the steady-state error covariance. 

Our exogenous system (24)–(26) constructed in Section III-B can be decomposed into two subsystems, one for        

(𝑣𝑠   𝑖𝐿  )𝑇  with the state-vector 𝜉𝑤  and the other for the reference signal 𝑟 with the state-vector 𝜉𝑑  

  𝜉 = 𝐴 𝜉 =
𝑑

𝑑𝑡
 
𝜉𝑤
𝜉𝑑
 =  

𝐴𝑤 0
0 𝐴𝑑

  
𝜉𝑤
𝜉𝑑
      (39) 

  (𝑣𝑠   𝑖𝐿  )𝑇 = 𝐶 𝑤𝜉 + 𝑤 =  𝐶𝑤 0  
𝜉𝑤
𝜉𝑑
 + 𝑤     (40) 

  𝑟 = (𝑣𝐿
∗  𝑖𝑠

∗)𝑇 = 𝐶 𝑑𝜉 =  0 𝐶𝑑  
𝜉𝑤
𝜉𝑑
      (41) 

If (𝑣𝑠   𝑖𝐿  )𝑇  is measured and a Kalman filter is applied to the first subsystem 

  𝜉𝑤 = 𝐴𝑤𝜉𝑤         (42) 

   
𝑣𝑠  
𝑖𝐿
 = 𝐶𝑤𝜉 + 𝑤        (43) 

 

the state 𝜉𝑤  for (𝑣𝑠   𝑖𝐿  )𝑇  can be estimated, which actually consists of the fundamentals 𝑣𝑠𝑓 , 𝑖𝐿𝑓as well as the 

harmonics of 𝑣𝑠and  𝑖𝐿  

However, in order to obtain a smoother estimate (in case of sudden changes of load, etc.), a Kalman filter can 

also be applied here. Note that the second subsystem of the exogenous system may be written as 

  𝜉𝑑 = 𝐴𝑑𝜉𝑑         (44) 

𝑟 = 𝐶𝑑𝜉𝑑         (45) 

 

The output equation above means that the Kalman filter estimates the state 𝜉𝑑  by “measuring” the 𝜉𝑑  

deduced from the estimate of the state 𝜉𝑤 . To be more exact, the first Kalman filter measures (𝑣𝑠   𝑖𝐿  )𝑇  to 

estimate 𝜉𝑤  based on the first subsystem (42) and (43). From this 𝜉 𝑤  the corresponding 𝜉𝑑  is computed. Then, 

this computed 𝜉𝑑  is passed to the second Kalman filter to obtain a filtered version 𝜉 𝑑  based on the second 

subsystem (44) and (45). Combining 𝜉 𝑤  and 𝜉 𝑑 , we form an estimate of the total exogenous state ˆ𝜉 , which will 

be used by the statefeedback control law (29). These two Kalman filters mentioned above are collectively 

known as the exogenous Kalman filter in this paper. The application of the Kalman filter to the plant state 𝑥 is 

more straightforward. This Kalman filter simply uses the known inputs of the plant  𝑣𝑠, 𝑖𝐿, 𝑢 (i.e., the exogenous 

input as well as the control input, both of which are known) and the outputs of the plant 𝑣𝐿 , 𝑖𝑠 to estimate the 

state 𝑥. This is called the “plant” Kalman filter in this paper. The estimate 𝑥  will also be passed to the state-

feedback control law (29) to calculate the control signal 𝑢. The tuning of the exogenous Kalman filter and the 

plant Kalman filter adopted in this paper is discussed here. The covariances of the measurement noise are first 

set to diagonal matrices properly matching the noise levels of the respective ensors measuring the signals. For 

the exogenous Kalman filter, the covariance of the process noise of each periodic signal measured is essentially 

a scalar matrix, and its relative magnitude to the covariance of the measurement noise is then adjusted to give a 

desired speed (transient response) of the exogenous state estimations. On the other hand, the adjustment of the 

covariance of the process noise for the plant Kalman filter involves more trial-and-errors to ensure that the poles 

locations of 𝐴 −  𝐿𝐶 are also satisfactory. In the end, the damping factors of all 𝐴 –  𝐿𝐶 poles are at least ten 

times of the fundamental frequency, and the damping ratios are at least 0.85. 
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Fig. 2. State feedback ORC with Kalman filters as extraction circuit and state observer. 

 

 
Fig. 3. System block diagram of UPQC with Kalman filters. 

 

The matrix gains in both the Kalman filters and the control law (30), i.e., 𝐿, 𝑈, 𝐹, and 𝑋 are all 

computed offline, and therefore their computational complexity is not an issue. In any case, they are obtained by 

solving some simple algebraic matrix equations. 

In conclusion, by applying the exogenous Kalman filter and the plant Kalman filter, only four measurements, 𝑣𝑠, 
𝑖𝑠, 𝑣𝐿, and 𝑖𝐿, are required. Indeed, these are the four variables that one would naturally choose to measure from 

the power system point of view. The control design is summarized in Fig. 2 

 

E. Self-Charging Circuit 

This paper proposes that the UPQC operates without relying on an external dc source. The supply side 

has to deliver additional real power through the shunt active filter to control the dc-link voltage. Here, a self-

charging control design is proposed in Fig. 3 to meet this objective. Based on the conservation of energy, the 

effect of Idc(k) on the voltage Vdc(k) of the capacitors in the dc link is given by 

 

   Idc  k =
2C  

v dc
∗

2
 − 

v dc  k 

2
  

3VT
       (46) 
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where 𝐶 is the value of each capacitor in the dc link, 𝑉 is the peak amplitude of the supply voltage, and 𝑇 is the 

period of the supply frequency If 𝑣𝑑𝑐
∗  denotes the desired dc voltage level of the dc link. Based on which a 

control law for 𝐼𝑑𝑐(𝑘) is proposed  

  𝐼𝑑𝑐 𝑘 = 𝐾1𝑒𝑑𝑐  𝑘 + 𝐾2𝐼(𝑘)      (47) 

 

where the gains 𝐾1 and 𝐾2 are optimized through the LQR theory [13], [19], which can provide better charging 

characteristics, e.g., no overshoot, fast settling time, than other conventional control design methods.                                          

 
Fig. 4. LQR control topology for the regulation of the dc-link voltage of the UPQC. 

 

IV. Injection Circuit 
An injection circuit made up of VSIs and interfacing low pass filters shown in Fig. 3 is needed for the 

implementation of the control signals 𝑢𝑖𝑛𝑗 . 

The injection circuit is made of  

1) The UPQC which includes the series and shunt active filters, 

2) A single-phase injecting transformer for interfacing the output of the series active filter with the distribution 

system, 

3) The interfacing low-pass filters, and 

4) Sensory circuits for the sampling of the required signals described in Section III. 

 

The control signals generated by the control circuit will be the switching schemes for the respective 

active filters. Since 𝑢𝑖𝑛𝑗  takes continuous values from −1 to +1, they will be pulse width modulated as switching 

signals for the VSIs of series and shunt active filters of the UPQC. The VSI outputs then will be passed through 

the interfacing low-pass filters to eliminate the high switching frequencies. 

 

V.  Experimental Results 
The control circuits making up of the ORC, the exogenous and plant Kalman filters, the self-charging 

and injection circuits described in the previous sections are connected together, and their performances are 

verified through simulation studies in Matlab. In the simulation studies, a single-phase distribution system of 1 

kVA, 100 Vrms, 50 Hz with some nonlinear loads that include a single-phase dimmer load and a fluorescent lamp 

supplied by a distorted supply voltage typically found in a semiconductor plant is used for investigation. The dc-

link voltage of the UPQC is 300 V. The exogenous state vector 𝜉 in (25) consists of odd harmonics up to 29th 

order  

The values of the various system parameters in Fig. 1 are given in Table I. The control design also 

requires the values of the line impedance and VSI impedances, which are coarsely estimated and listed in Table 

II. Since the latter values are not precisely known in practice, they become a source of modeling uncertainties 

for the control design to handle. Before the compensating capabilities of the UPQC are tested, the capacitors in 

the dc link have to be charged up. Thus, the first cycle will be used by the controller to charge vdc to the desired 

level. Then, harmonics compensation is performed. 
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TEST CASE 1: Harmonics Compensation in the Supply Voltage and Load Current with Power Factor 

Correction at the Supply Side 

 

This test is performed to verify the capabilities of the UPQC to compensate for harmonics in the supply 

voltage and load current, and to achieve a near unity power factor at the supply side. The voltage and current 

waveforms under this condition are shown in Figs. 5 and 6, respectively. A distorted supply voltage 𝑣 𝑠 with a 

THD value of 60.4% is used to supply the dimmer load with a nonlinear current 𝑖 𝐿  shown in Fig. 6. 𝑖 𝐿  is also 

highly distorted with a THD value of 42.35% with a lagging power factor and consists of harmonics up to 13th 

order. With the installation of the UPQC and after the initialization period of less than two cycles, the 

waveforms of 𝑣 𝐿  (Fig. 5) and 𝑖 𝑠  (Fig. 6) are almost sinusoidal. The THD values of 𝑣 𝐿  and 𝑖 𝑠  drop to around 

4.53% and 4.68%, respectively. During the steady state, it can be observed that the supply side only needs to 

deliver the real power demanded by the load and to maintain the dc-link voltage.  

The reactive power delivered by the supply side is close to zero confirms that power factor correction to near 

unity is achieved at the supply side. 

 
Fig. 5. Voltage waveforms under a distorted supply voltage with a nonlinear load. 

 

During the steady state, it can be observed that the supply side only needs to deliver the real power 

demanded by the load and to maintain the dc-link voltage. The reactive power delivered by the supply side is 

close to zero. This confirms that power factor correction to near unity is achieved at the supply side. Fig.7 gives 

waveform of power factor showing unity. DC-link voltage value is maintained around 300V which is shown in 

simulation result fig.8  
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Fig. 6 Current waveforms under a distorted supply voltage with a nonlinear load. 

 
Fig. 7  Power Factor at supply side. 

 
Fig. 8 DC-Link voltage 
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Fig. 9. Simulation diagram 

 

V.   Conclusion 
A control design for the UPQC, which is adaptive to the variations of the supply and load operating 

conditions of a power distribution system, has been proposed. This control design consists of the ORC, the 

exogenous Kalman filters, the plant Kalman filter, and a LQR-based self-charging circuit. A self-charging 

circuit is incorporated into the control design so that the UPQC can operate without relying on an external dc 

source. The proposed control design is not only fast and adaptive but also cost effective for practical 

implementation and usage. Furthermore, the ORC can be applied to a three-phase power distribution system by 

duplicating three sets of the same controller, each of the controllers operating independently in the different 

phases to generate the switching sequence for the individual active filters of the UPQC. 
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