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ABSTRACT

In this paper, a control scheme based on feedback linearization (FL) control technique
with or without resonant control for unified power quality conditioner (UPQC) which is known
as series active filter and shunt active filter, is proposed to compensate both the load voltages
and grid currents under grid voltage sags and nonlinear loads. A nonlinear model of the system
consisting of series active filter and shunt active filter in the dg synchronous reference frames
is derived. The load voltage based on FL with resonant control and grid current controllers
based on only FL in dg components is designed, depending on series and shunt active filters,
respectively. With the proposed scheme, the load voltages are regulated to reach the rated
value and both waveforms of load voltages and grid currents are controlled to become almost
sinusoidal, compared with the proportional-integral (PI) controller. Simulation results are
given to prove the effectiveness of the proposed method.

Keywords: Unified power quality conditioner (UPQC), nonlinear loads, nonlinear theory,
voltage sags.

1. INTRODUCTION

Voltage sags/drops are considered as one of the most common and costly power quality
issues which affect sensitive loads. They can cause interruptions for electronic equipment and
large losses in industrial processes [1, 2]. The series active power filter (APF), known as the
dynamic voltage restorer (DVR), is one of the most effective solutions for protecting sensitive
loads from voltage sags [3-6]. The DVR is connected in series through series transformers
between the grid-side and load-side so that the load voltages are maintained to be balanced
and sinusoidal at the desired value during the grid voltage sag occurrence. Passive filters [7],
shunt active power filters (APFs) [8, 9], and hybrid APFs [10] are used to suppress the grid
current harmonics. However, most of them can only solve one or two power quality issues.

Recently, unified power quality conditioners (UPQCs) have been introduced and
considered as an effective solution to handle problems related to various currents and voltages.
An UPQC, consisting of shunt and series APFs, can compensate for the load voltage
distortions as well as grid current harmonics so that the load voltages and the grid currents are
controlled to become purely sinusoidal. As for the control scheme, a cascaded proportional-
integral (PI) controller consisting of outer voltage control and inner current control loops for the
d-q components has been applied [5, 11]. However, the control dynamic response using Pl is not
so fast due to the limitation of bandwidth of the voltage control loop [5]. In addition, the
components of negative sequence and zero-sequence occur in the grid voltage during
unbalanced sags conditions. On the other hand, the grid voltage which is transformed into the
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rotating reference frame can be alternating current (AC) signals under grid unbalanced sags.
Meanwhile, a conventional PI controller is used for regulating only direct current (DC) signals.
To overcome this issue, a proportional resonant (PR) or proportional integral plus resonant
(PIR) control has been employed to control the UPQC, so that the load voltages are much
compensated to become sinusoidal and reach rated value in the cases of both unbalanced grid
voltage drop and nonlinear loads [12]. However, the performance of both Pl and PR/PIR linear
control methods with a nonlinear model will be significantly deteriorated. Another method is
that the nonlinear control of the UPS or DVR is considered [13, 14]. Therefore, the nonlinear
control gives better performance than the control schemes depending on the PI control.

In the paper, a nonlinear control scheme of the UPQC has been applied to improve the
operation of system under conditions of grid sags and nonlinear loads. First, the nonlinear
system model in the dq synchronous reference frame is achieved. Then, for series active filters,
the load voltages in dg components are designed, based on FL and resonant control for shunt
active filters, grid current controllers in dg components are designed, depending on only FL.
Simulation results for UPQC are given to verify the effectiveness of the proposed control
scheme.

2. SYSTEM MODELING

The circuit configuration of the unified power quality conditioner is shown in Figure 1,
in which a series active filter known as a compensator consists of a series transformer, LC
filters, and voltage source inverter, and a shunt active filter referred to as a shunt compensator
is composed of L filter and voltage source inverter. Both compensators are connected through
a DC-link capacitor.

Series compensator Shunt compensator Nonlinear loads

Figure 1. Circuit configuration of UPQC.

2.1. Series compensator

Modeling of series compensator system in synchronous dq reference frame can be
expressed as [15, 16]

1 1 .
ligg =7 Vig = Vagg — J@l 1 (1)
Lf f
; 1 1 .
Vcdq = a qu - a I fdg Ja)vvcdq (2)
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where L is the filter inductance, Cs is the filter capacitance, Vyq is the dg axis inverter output
voltages, Vcdq IS the capacitor voltages in dq axis, liq is the inverter output currents in dq axis,
l4q iS the output currents of the series compensator in dq axis, and @ is the grid angle frequency.

From (1) to (2), a state-space modeling of the system is obtained as

I 0 o -1/L, 0 le| [L/L, O 0

lo| | - O 0 -1/L |1, L0 /L, |[V, N 0 3)
V, | |1/C, 0 0 o ||V, 0 0 ||Vy| [1a/Cy

V, 0 1/C, -w 0 || Vy 0 0 I,/C;

2.2. Shunt compensator

Modelling of the shunt compensator system in a synchronous dg reference frame can be
expressed as [17]

. di .
Vig = Ry lyg + L —2 - Ol g +Vy (4)

sfq

Vig = Rylgq + Ly —— +olgig +V, (5)

where R is the filter resistance, Ls is the filter inductance, vqqi is the dq axis inverter output
voltages, Vvigq is the dg axis load voltages, iswq IS the dq axis output currents of shunt
compensator, and @ is the grid angle frequency.

Balancing the input and output power of the shunt compensator can be expressed as
R, =1 5(Vld sid T Viq! sfq) 1.5V kg =Vigelae (6)

where v, =0va v, =E_,

Equation (6) can be written as
dvdc |

1.5V,lgq =V, .C it +1,

()

where i, =i, —i.

From (4) to (7), a state-space modeling of the system is rewritten as

\lisi _Sflsfd _a)isfq i 1 i
. f f 0 T
g Lsf
. Vv .
i =] — i dai, |+ == |v. 4| 0 |v, (8)
sfq sf qi di
\/'d LSf sf LSf O
: 3 .y 1. 0
chdc (qulsfq ) - 6 o _
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3. CONTROL OF UPQC

In this section, the design of the proposed controllers depending on the FL control and
resonant control is performed for series compensator and only FL control is applied for shunt
compensator of UPQC so that the load voltages are controlled to reach rated values and kept
almost sinusoidal and the grid currents are also maintained to be sinusoidal under grid voltage
sags as well as nonlinear load conditions.

3.1. Load voltage compensation using a series compensator

The fundamental principle of the FL technique is that the nonlinear system is linearized
by differentiating the system outputs until the variables of the input appear [15, 18].

The dynamic model of the series compensator in (3) using FL is expressed as

X:|:Ifd Ifq Vcd ch]T;u:I:Vd Vq]T;y:[Vcd ch]T

To produce a clear relationship between the outputs y,_, ,and the inputs y_,, each output
must be differentiated until a control input occurs.

e

2 u2

Then, the control law is given as

i Hel-e ool *

where
ia)lfUI - L+co2 Vv, —il'd —ia)lq
C; LC; C; C; o L,C, 0
F(x)= o= e
2 1 ) 1. 1 g
——oly—| ——+o" Ny —— I, +—ol,
L Cf Lfo f f
and vi and vz are new control inputs.
A expected dynamic response is developed as follows
H_ 57+l K+ eyt 1)
Vol | 9, + Ky, +Kypfy + Ky J e,dt

where ¢ =y, -y,, and e,=y,—vy,. y- and y are the desired values of the y,and v,,
respectively.

The error dynamics can be formulated in (11) as follows
g+ knei + klzel + k13e1 =0

(12)
& +Kky8, + K08, +Kye, =0

which are stable if the gains ki1, Kiz, Kis, K21, K22, and kzs are positive [15].
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Under the conditions of the grid voltage sag, the reference values of voltages for the
series compensator consists of the components of DC voltage and second-order voltage
harmonics. Thus, to obtain the tracking controllers, the proportional integral plus resonant
regulators have been applied to remove the voltage errors in the steady-state. For tracking the
references of the dg-axis components, the resonant frequency for regulators is chosen to be
double fundamental frequency (2w). So, the new control inputs can be expressed in the Laplace
domain as follows

k.s
s+ (260)2 (13)

{Vl}

v 2 e k.s

24187y, +ky, 58, + Ky, Koy ; + 7 +(’2 )2 e,
[0

sy, +kyse +k.e +kig % +

where K, is a resonant gain.

To have an exact controller, the control inputs of (13) can be written as

L.C, vl—ia)l fa +[L+w2JVCd +il'd +ia)lq
N GG ¢ G (14)
u, )
LCi |V, +—al  + 1w ch+ilq— 1 ol,
Cf Lfo Cf f
; 52
Veg=eq
- L V.
q dgq 9
krS V:I‘
s2+(2w)? Decoupling »[ dg
control s
aw | v > SVPWM
ks (10) »|/abg
S?+2 w)? X
Vct;:eq' Viated lqu

X

»| 52
Figure 2. Block diagram of the proposed series compensator control scheme.

Figure 2 shows the block diagram of the proposed controller for the series compensator,
in which the capacitor voltages in the dg-axis are regulated by using feedback linearization

plus resonant controllers. The outputs of the controller (\/ d*, Vq*) are transformed into phase

voltage references (y* v; v*), in which phase angle (6) can be estimated using a second-order
a’ ' Ye

generalized integrator [19]. Then, these phase voltage references are used for space vector
pulse-width modulation (SVPWM).

3.2. Grid current compensation using shunt compensator

The dynamic model of the shunt compensator in (8) using FL is expressed as

X= |:isfd Istg Ve ]T U= [Vld Vig ]T Y= [isfd Vae ]T

Differentiating y:=ista and y2=Vqc until a control input appears
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|:YI}:A(X)+E(X){UI} (15)

2 uZ

The control law is obtained as

ool 7] .

where
_ , S ;
A( ) i _SIISfd a)lsfq
X)= . . ;
g Vi_&i + i _ Jlsoig 3(lsqu|q)_i_2 _ii
2CV, L, L, ™ ) 2cv2| 2cv, C| C?

) LC, 0
El(x)=|: fof Lfcf:|

and vi and vz are new control inputs.
A desired dynamic response is developed as follows

V}:[ Ji +kye; g, [ egdt ] an

Vol | 95+ Koy + ki + Koo [t

Where e, =y, -y, and e,=y,-vy,. y and are the reference values of the y andy,,
respectively.
The error dynamics can be formulated in (17) as
& +k;8 +k,e, =0 (18)
8 +k,8 +k,8, +Kkqe, =0
which are stable if the gains ka1, ks, Ka1, ka2 and kas are positive [8].
To get the exact controller, the control inputs of (17) can be written as

u Lsfvl_a)Lsfifq+Rsfifd
[ 1}: 2CL V.

. . 2LV, . L. 3 . i 19
u, V, +oblgly + Ryl + A '2+_Sf|f Erexlig == 19)
3E 1 3E VvV, “l2v iC
max max dc dc
isfa
V/dq Vdc
- 2
] Ve
LPE Decoupling » dg/  «
control Vabes
law |y’ SVPWM
(16) £ /ahg
)

isqu

Figure 3. Block diagram of the proposed shunt compensator control scheme.
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Figure 3 shows the block diagram of the proposed controller for the shunt compensator.
To compensate current harmonics caused by nonlinear loads, the d-axis current is compared
its reference obtained from low-pass filter (LPF) through applying feedback linearization
control. Likewise, DC-link voltage based on FL is controlled to reach its rated value. The
outputs of the controller (v;, V;s’ v;) have been used to generate pulses by SVPWM [12].

4. SIMULATION RESULTS

The simulations using PSIM software have been done for the nonlinear loads in order to
verify the effectiveness of the proposed method. The parameters of loads, series compensator,
and shunt compensator are given in Tables 1, 2, and 3, respectively. The parameters of
controllers for UPQC are given in the Tables 4 and 5.

Table 1. Parameters of nonlinear loads Table 4. Parameters of controllers for series
compensator
Parameters Values
Resistor 150 Type of controller Controller gains
Inductor 1 mH Curtrerﬁ kp = 16.2
- controller | k = 12100
Capacitor 220 YF Pl control !

Voltage kpv = 0.34
Table 2. Parameters of the series compensator controller | k;, =871

ki1= k1= 2.05 x 10°

Parameters Values
Ki2= K2z = 3.2 x 108
Grid voltage 180 V_peak/ 60 Hz Proposed control 1 e
k13= k23 =15x 109
DC link capacitor 340 uF k.= 1200

The inductor and

capacitor of filters 0.01 mH, 10 pF

Table 5. Parameters of controllers for shunt
Switching frequency 10 kHz compensator

Series transformers 3 kVA, 180/180 V Type of controller Controller gains
Table 3. Parameters of shunt compensator Current K = 0.6
P controller kii = 15
Parameters Values control Voltage Kovce = 0.072
Grid voltage | 180 V_peak/ 60 Hz controller Kivge = 0.448
1\ - .
. ) k32 =12786.42
Switching frequency 10 kHz Proposed control ka1 = 660
Filter inductor 2mH kap = 127856
Filter resistor 0.05Q Kss = 7455360

The control performance of the UPQC with the PI control in the conditions of grid voltage
sags and nonlinear loads is shown in Figure 4. As shown in Figure 4 (a), the grid voltage sags
are assumed to be unbalanced, in which voltages of phases B and C also drop to 50% for 40 ms
(from 1.48 to 1.52 seconds). The load currents, load voltages, and grid currents are illustrated
in Figures 4 (b), (c), and (d), respectively. As can be clearly seen, the waveforms of the load
voltages and grid currents are sinusoidal but still have some distortions.
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In the same simulation conditions as the PI control method, the control performance of
the UPQC using the proposed method is shown in Figure 5. Figure 5 (c) shows the load
voltages, which are maintained at rated values regardless of the grid voltages drop, as
illustrated in Figure 5 (a). The load currents and grid currents are illustrated in Figures 5 (b)
and (d), respectively. With the proposed strategy, load voltages and grid currents are much
better than those using Pl ones, as seen in Figure 4.

Figures 6 and 7 show the Fast Fourier Transform (FFT) analysis for both P1 and proposed
controllers, respectively. It is seen that for the two methods, the waveforms of grid voltages
are similar, which are imbalanced, and the load current is much distorted with the harmonics
of 31, 5™ 7th order, and other higher order components. With only a linear PI regulator, it is
illustrated from the results in Figure 9 (b) that, the series compensator of the UPQC cannot
inject the components of the required voltages fully and the voltages of the series compensator
can also contain the components of undesired 2" harmonics, which affect the load voltages.
By using the FL with the resonant controller for the series compensator, its control
performance is considerably improved, but the load voltages still exist in the components of
the higher-order harmonics as shown in Figure 6 (c). With the proposed method, it is obviously
seen in Figure 7 (c) that the load voltages only contain the fundamental components.

Ea Eb

0 % voltage sags in phases B and C

(b) Load currents (a). Grid voltage (V)

|
é

5x®) Las

(d) Grid currents  (c) Load voltages

1.46 148 15 152 154
Time (s)

Figure 4. Dynamic responses of UPQC under the conditions of grid voltage sags and nonlinear loads
using PI controller.
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(a). Grid voltage (V)

(b) Load currents
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Figure 5. Dynamic responses of UPQC under the conditions of grid voltage sags and nonlinear loads
using the proposed controller.
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Figure 6. FFT spectra of the load current, grid current, and load voltage using the PI controllers
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Figure 7. FFT spectra of the load current, grid current, and load voltage using the proposed controllers

Table 6. Comparison of THD of three-phase load voltages and grid currents
using Pl and proposed controllers

THD (%)
Type of controller PI control Proposed control
Phase A | Phase B | Phase C | Phase A | Phase B | Phase C
Load voltages 4.78 4.77 4.76 1.04 1.03 1.04
Grid currents 7.67 7.72 7.65 351 3.34 3.45

As seen in Table 6, the total harmonic distortion (THD) for load voltages and grid
currents in the proposed controller gives better results with lower THD, compared with the
conventional Pl one.

5. CONCLUSION

The paper proposed the UPQC control scheme based on the nonlinear control technique
with or without resonant control. The feasibility of the proposed control strategy was tested
through simulation tests, where the load voltages are regulated to reach the rated value and
both waveforms of load voltages and grid currents are controlled to become almost sinusoidal
in the cases of grid voltage sags and nonlinear loads. The proposed control has shown better
performance than the Pl method. Also, with the proposed scheme, the UPQC can be extended
to apply for both unbalanced and distorted grid voltages effectively in the upcoming research.

20



Control of unified power quality conditioner under grid voltage sag and nonlinear loads

10.

11.

12.

13.

14.

15.

REFERENCES

Math H. Bollen - Understanding Power Quality Problems: Voltage Sags and Interruptions,
Wiley-IEEE Press, 2000. https://ieeexplore.ieee.org/serviet/opac?bknumber=5270869

Math M. Bollen - Understanding power quality problems, voltage sags and interruptions,
Wiley-IEEE Press, 2000. https://ieeexplore.ieee.org/serviet/opac?bknumber=5270869

Khalifa Al H., Thanh Hai N., Naji Al S. - An improved control strategy of 3P4W DVR
systems under unbalanced and distorted voltage conditions, Electrical Power and
Energy Systems 98 (2018) 233-242. https://doi.org/10.1016/j.ijepes.2017.12.001

Babaei E., Kangarlu M. F., and Sabahi M. - Mitigation of voltage disturbances using
dynamic voltage restorer based on direct converters, IEEE Transactions on Power
Electronics 25 (4) (2010) 2676-2683. https://10.1109/TPWRD.2010.2054116

Kim H. and Sul S.-K. - Compensation voltage control in dynamic voltage restorers by
use of feed forward and state feedback scheme, IEEE Transactions on Power Electronics
20 (5) (2005) 1169-1177. https://10.1109/TPEL.2005.854052

Khadkikar V. and Chandra A. - UPQC-S: a novel concept of simultaneous voltage
sag/swell and load reactive power compensations utilizing series inverter of UPQC,
IEEE Transactions on Power Electronics 26 (9) (2011) 2414-2425.
https://10.1109/TPEL.2011.2106222

Peng F. Z., -Application issues of active power filters, IEEE Industry Applicattions
Magazine, 4 (1998) 21-30. https://10.1109/2943.715502

Tang Y., Loh P.C., Wang P., Choo F. H., Gao F., and Blaabjerg F. - Generalized design
of high performance shunt active power filter with output LCL filter, IEEE Transactions
on Industrial Electronics 59 (3) (2012) 1443-1452. https://10.1109/TIE.2011.2167117

Trinh Q. N. and Lee H. H., -An advanced current control strategy for three phase shunt
active power filters, IEEE Transactions on Industrial Electronics 60 (12) (2013) 5400-
5410. https://10.1109/TIE.2012.2229677

Tangtheerajaroonwong W., Hatada T., Wada K., and Akagi H.,-Design and
performance of a transformerless shunt hybrid filter integrated into a threephase diode
rectifier, IEEE Transactions on Power Electronics 22 (5) (2007 1882-1889. https://
10.1109/TPEL.2007.904166

Patel H. and Agarwal V., -Control of a stand-aloneinverter-based distributed generation
source for voltage regulation and harmonic compensation, IEEE Transactions Power
Delivery 23 (2) (2008) 1113-1120. https://10.1109/TPWRD.2007.915890

Trinh Q.-N. and Lee H.-H. - Improvement of unified power quality conditioner
performance with enhanced resonant control strategy, IET Generation Transmission
Distribution 8 (12) (2014) 2114-2123. https://10.1049/iet-gtd.2013.0636

Trinh Q.N., Lee H.H. - An enhanced grid current compensator for grid-connected
distributed generation under nonlinear loads and grid voltage distortions. IEEE
Transactions on Industrial Electronics 61 (12) (2014) 6528-37. https://
10.1109/T1E.2014.2320218

Kim D-E, Lee D-C. - Feedback linearization control of three-phase UPS inverter system.
IEEE Transactions on Industrial Electronics 57 (3) (2010) 963-968. https://
10.1109/T1E.2009.2038404

Van T.L., N. Nguyen M.D., L.T. Toi and T.T. Trang - Advanced control strategy of
dynamic voltage restorers for distribution system using sliding mode control input-ouput

21


https://doi.org/10.1016/j.ijepes.2017.12.001
https://doi.org/10.1109/TPWRD.2010.2054116
https://doi.org/10.1109/TPEL.2005.854052
https://doi.org/10.1109/TPEL.2011.2106222
https://doi.org/10.1109/2943.715502
https://doi.org/10.1109/TIE.2011.2167117
https://doi.org/10.1109/TIE.2012.2229677
https://doi.org/10.1109/TPEL.2007.904166
https://doi.org/10.1109/TPWRD.2007.915890
https://doi.org/10.1049/iet-gtd.2013.0636
https://doi.org/10.1109/TIE.2014.2320218
https://doi.org/10.1109/TIE.2009.2038404

Nguyen Thi Thanh Truc, Van Tan Luong, Huynh Nhat Quang

feedback linearization, Lecture Notes in Electrical Engineering 465 (2017) 521-531.
https://doi.org/10.1007/978-3-319-69814-4 50

16. VanT.L.,Nguyen T.H., Ho N.M., Doan X.N., and Nguyen T.H. - Voltage compensation
scheme for DFIG wind turbine system to enhance low voltage ride-through capability,
10th International Conference on Power Electronics (ECCE Asia) (2019) 1334-1338.
https://10.23919/ICPE2019-ECCEASia42246.2019.8797269

17. Jang J.I., Lee D.C. - High performance control of three-phase PWM converters under
nonideal source voltage, IEEE International Conference on Industrial Technology,
(2006) 2791-27916. https://doi.org/10.1109/1CIT.2006.372693

18. Slotine J.-J. E. and Li W. - Applied nonlinear control, Englewood Cliffs, NJ: Prentice-
Hall (1991) 207-271. https://books.google.com.vn/books/about/Applied_Nonlinear_
Control.html?id=HddxQgAACAAJ&redir_esc=y

19. Rodriguez P., Luna A., Aguilar R.S.M., Otadui |.E., Teodorescu R., Blaabjerg F. - A
stationary reference frame grid synchronization system for three-phase grid-connected
power converters under adverse grid conditions, IEEE Transactions on Power
Electronics 27 (1) (2012) 99-112. https://10.1109/TPEL.2011.2159242

TOM TAT

PIEU KHIEN BO PIEU HOA CHAT LUONG DPIEN NANG DONG NHAT
TRONG TRUONG HOP SUT AP LUOI VA TAI PHI TUYEN

Nguyén Thi Thanh Trac, Van Tan Luong*, Huynh Nhat Quang
Truong Pai hoc Cong Thueong Thanh phé Hé Chi Minh
*Email: luongvt@huit.edu.vn

Trong bai béo nay, chién lugc diéu khién dua trén ky thuat diéu khién phi tuyén cho bo
diéu hoa chat lugng dién thong nhat (UPQC) hay con goi la bo loc tich cuc ndi tiép va b loc
tich cuc song song, duoc dé xuat dé bu ca dién p tai va dong dién ludi do tré dién ap va tai
phi tuyén. M6 hinh phi tuyén cua hé thdng bao gém b loc tich cuc ndi tiép va bo loc tich cuc
song song trong h¢ toa d6 quay dq dugc thyc hién. Bo diéu khién dién 4p tai dua vao FL va
diéu khién cong huong va dong dién lusi trong thanh phan dq dwa vao FL duoc thlet ké, phu
thugc vao bo loc tich cuc ndi tiép va song song tuong (ng. Véi chién lugc dé xuat, dién ap tai
dugc diéu chinh dé dat gia tri dinh mtrc va ca hai dang song cua dién ap tdi va dong dién ludi
déu dugc diéu khién dé tré nén gan nhur hinh sin, so véi bo diéu khién tich phan tyle (P). Két
qua mo phong duoc dua ra nham ching minh tinh higu qua cta phuong phap dé xuat.

Tur khoa: Diéu hoa chat lugng dién thong nhat (UPQC), tai phi tuyén, ly thuyét phi tuyén, sut
dién ap.
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