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A Single-Phase Unified Power Quality Conditioner with a FrequencyAdaptive Repetitive Controller
Dang-Minh Phan* and Hong-Hee Lee†
Abstract – This paper proposes a single-phase unified power quality conditioner (S-UPQC) for
maintaining power quality issues in a microgrid. The S-UPQC can compensate the voltage and current
harmonics, voltage sag, and swell as a dynamic voltage restorer (DVR), regardless of variations in the
grid frequency. Odd harmonics are treated as even-order harmonics in a rotating frame to implement
the harmonic compensators with only one repetitive controller (RC) without any harmonic extractor.
The dynamic performance is improved and the delay time is reduced in the RC. The S-UPQC control
scheme is designed to maintain accurate and stable operation under deviations of the grid frequency by
using the Lagrange interpolation-based finite-impulse-response (LIFIR) filter approximation method.
The proposed control schemes were validated through a simulation and experiment.

Keywords: Power quality, Unified power quality conditioner (UPQC), Harmonic compensation,
Repetitive controller (RC), Single-phase system

1. Introduction
In recent decades, power quality issues have strongly
attracted researchers and manufacturers because of the
wide use of nonlinear loads, such as adjustable-speed drives
and power supplies [1, 2]. The nonlinear loads generate a
large amount of harmonic currents in the network, which
cause distortion, sagging, and swelling of the voltage
waveform at the point of common coupling (PCC) [3].
A unified power quality conditioner (UPQC) has
generally been adopted to solve these problems [4-7]. A
UPQC is composed of shunt and series active power filters
(APFs). The shunt APF operates as a controlled current
source, and the series APF works as a controlled voltage
source. To improve the performance of UPQCs, a current
control method was proposed to deal with harmonic
components with reduced computing complexity [8]. This
control method uses a normalized reference voltage from
the peak value of the distorted grid voltage, so it requires a
large amount of memory to find this peak voltage.
Other studies applied the instant power theory to extract
the fundamental voltage and current for references by using
the hysteresis control method [9, 10]. Although this control
method is easy to implement, the compensation capability
of UPQC strongly depends on the performance of the
harmonic extractor, which results in severe phase lag and
complexity in the design process to ensure high accuracy.
Additionally, the hysteresis control method has some
problems, such as uncontrollable power loss in the switching
†

Corresponding Author: School of Electrical Engineering, University
of Ulsan, Korea. (hhlee@mail.ulsan.ac.kr)
*
School of Electrical Engineering, University of Ulsan, Korea.
(pdm2708@gmail.com)
Received: July 25, 2017; Accepted: November 15, 2017

790

devices and variation of the switching frequency.
Another robust solution was introduced using a
proportional-integral and resonant controller (PI-R) [11]. In
this control scheme, a resonant controller independently
regulates each harmonic component. Despite its superiority
in tracking harmonic signals, it requires a long time for
computation and a complex design process due to the
several resonant controllers corresponding to the number of
the compensated harmonics.
The repetitive controller (RC) was introduced to solve
the drawbacks of the PI-R. One RC can replace a number
of resonant controllers, so they have been widely used in
different applications, such as grid-connected inverters [12],
APFs [13], and uninterruptible power supplies [14]. In a
traditional RC, the performance is seriously degraded when
the system frequency changes. To overcome this problem,
methods for adjusting the sampling frequency have been
suggested [15, 16]. However, the system performance is
seriously affected when the sampling frequency changes
in a digital system. Other solutions were developed using
a first-order low-pass filter (LPF) [17] and first-order
Padé approximation [18]. In the case of first-order LPF
methods, it is complicated to determine the instant cutoff frequency accurately because of design constraints.
Meanwhile, the first-order Padé approximation method has
a low convergence rate and a loss of information when
computing with low degrees.
This study developed a single-phase unified power
quality conditioner (S-UPQC) with the aid of microsources to provide the desired power quality in a microgrid.
S-UPQC can compensate the voltage and current harmonics
as well as voltage sag and swell, regardless of variations in
the grid frequency. All odd harmonics are treated as evenorder harmonics in the rotating frame, so the harmonic
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compensators are implemented with only one RC, and the
delay time in the RC is reduced to half of the fundamental
period. The S-UPQC operates accurately and stably in spite
of grid frequency deviation by applying the Lagrange
interpolation-based finite-impulse-response (LIFIR) filter
approximation method. The design process of the proposed
control scheme for the S-UPQC is described in detail, and
the feasibility of the control strategy was verified through a
simulation and experiment.

Fig. 1 shows the general circuit of the proposed S-UPQC,
which is connected to a grid with a nonlinear load. Shunt
and series APFs are operated with a micro-source attached
to the DC bus.

2.1 Control Strategy for Shunt APF
When a nonlinear load is connected to the PCC, the load
current iL becomes distorted, and it is expressed by the
sum of the sinusoidal waveforms:

å

h = 3,5,7...

iGd = I G1 +

å

h = 2,4,6...

I Gh sin(hw g t - q Gh )

I Lh sin(hwg t - q Lh )

(1)
where I Li and q Li ( i = 1,3,5,...) are the magnitude of the
i - th sinusoidal waveform and its phase delay, respectively,
and w g is the fundamental grid frequency.
To keep the grid current iG sinusoidal with magnitude
I G* , the shunt APF in Fig. 1 should regulate the grid
current iG according to the load current iL . When iG is
transformed into the dq frame, which rotates with the
fundamental angular speed wg , its q component becomes
zero (iGq = 0) , and the d component iGd contains both a

(2)

Then, the d and q grid current components can be
regulated by a PI controller and frequency-adaptive RC
(FARC). The transfer functions of the PI controller and RC
in the s-domain are:

KI
s
K Q(s) e - sTd
GRC (s) = r
1 - Q(s) e - sTd
GPI (s) = K P1 +

2. Proposed S-UPQC Control Strategy

iL = iL1 + iLh = I L1 sin(wg t - q L1 ) +

DC component and even harmonics:

(3)
(4)

where K P1 and K I are gains of the PI controllers, Td is
the time delay of the RC, Q ( z ) is the filter transfer
function, and K r is the RC gain, as shown in Fig. 2. The
dynamic response of the FARC depends on the time
delay term Td in (4) [18]. In (2), because the harmonic
components have only even terms, the delay time can be
reduced to half of the fundamental frequency (Td = Tp / 2) ,
and the dynamic response of the FARC becomes faster. In
the case of (Td = Tp / 2) , the transfer function in (4) is
rewritten as:

GRC (s) =

K r Q(s) e- sTd / 2
1 - Q(s) e- sTd / 2

(5)

Fig. 3 shows a block diagram of the proposed current
controller for the shunt APF. The load voltage vL , dq is fed
forward to improve the dynamic response of the controller.

2.2 Control strategy for series APF
Fig. 4 shows the control strategy of the series APF. The
voltage distortion is compensated using the PI controller
and FARC, while a PR controller mitigates the voltage
sag and swell. The grid voltage vG is composed of the

Fig. 3. Control strategy for shunt APF
Fig. 1. General circuit of the S-UPQC

Fig. 2. Block diagram of the RC

Fig. 4. Control strategy for series APF
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fundamental component and harmonics:

both shunt and series APFs, and the RC in (5) is digitized
with a sampling time using a bilinear discretizing method:

vG = vG1 + vGh
= kampVG1 sin(w g t - qG1 ) +

å

h = 3,5,7...

(6)

VGh sin(hw g t - qGh )

where kamp is the sag/swell gain; kamp < 1 in the case of
voltage sag, and kamp > 1 in the case of the voltage swell.
The desired load voltage vL* is a sinusoidal waveform, and
*
its d and q components VLd* and VLq are the following:
VLd* = VG1

(7)

VLq* = 0

We assume that vL is in-phase with the fundamental
grid voltage vG1 . Then, vL is given as:
vL = VG1 sin(wg t - q G1 )

(8)

From (6), (7), and (8), the output voltage of the series
APF vF , se is determined as follows:

GRC (z) =

N=

å

h = 3,5,7...

VGh sin(hw g t - q Gh )

(9)

From (9), series APF generates only harmonic voltage in
normal operation (i.e., kamp = 1 ) to mitigate voltage
harmonics, while vF , se is composed of both fundamental
and harmonic voltages in the case of voltage sag or swell
(i.e., kamp ¹ 1 ). Thus, the series APF in the proposed SUPQC can concurrently act as a dynamic voltage restorer
(DVR) and a voltage harmonic compensator with the
voltage source supplied by a micro-source.
Similar to the shunt APF, because the dq transformed
voltage harmonics in (6) include only even orders, they are
compensated by the PI-FARC. To mitigate voltage sag and
swell, the PR controller in (10) is applied in the stationary
ab frame:
GPR (s) = K P 2 +

K R wc s
s + 2wc s + w g2
2

(10)

where K P 2 and K R are gains of the PR controller, and
wc is the cut-off frequency. As shown in Fig. 4, the
*
reference voltage for the series APF vF , se is generated
without any harmonic voltage extractor or voltage sag/
swell detector.

3. Design of S-UPQC
3.1 FARC
The FARC is designed with frequency adaptation for
792 │ J Electr Eng Technol.2018; 13(2): 790-799

Tp

=

2Ts

fs
2 fg

(11)
(12)

where z l is the phase lead term, N is the number of
delay samples, and fs and fg are the sampling frequency and
grid frequency, respectively. Theoretically, N has to be an
integer [19], and the performance of the RC becomes very
poor when the grid frequency fg changes because N in
(12) is no longer an integer with a fixed sampling
frequency fs.
To achieve both accurate and stable operation in spite of
grid frequency deviation, we implemented the FARC using
the LIFIR filter approximation method [20]. When the grid
frequency varies, N can be written as a sum of an integer
N i and its fraction term Fr :
N = N i + Fr

(13)

z - N = z - Ni - Fr = z - Ni z - Fr

(14)

vF , se = vG - vL
= ( kamp - 1) VG1 sin(wg t - q G1 ) +

U (z) K r Q(z) z - N + l
=
E (z) 1 - Q(z) z - N

Then,

From the LIFIR filter approximation method, the
fractional delay term z - Fr is approximated as follows:
n

z - Fr » å Am z - m

(15)

m=0

where the gain Am is:
n

Am = Õ
i =0
i¹m

Fr - i
,
m-i

( m, i = 0,1,..., n )

(16)

By substituting (15) and (16) into (14), z - N becomes:
n

z - N » z - Ni å Am z - m

(17)

m=0

From (11) and (17), the transfer function of the FARC,
GFARC ( z ) is given as follows:
n

GFARC (z) =

åK

m =0

'
rm

Q(z) z - Ni - m + l
n

1 - Q(z) z - Ni å Am z - m

(18)

m=0

where K m' is the adaptive gain of FARC, and
'
K rm
= K r Am

(19)
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The filter Q (z) can be either a constant or a zero phaseshift LPF, and it is chosen as follows [21]:
Q(z) =

1
8 1
z + + z -1
10
10 10

(20)

In (18), the phase-lead term z is used to compensate
the phase lag caused by the output LC filter and to
calculate the time delay in digital control. As shown in Fig.
1, the LC output filter is used in both shunt and series APF
to eliminate switching noise, and its transfer function in the
s-domain is:
l

GP (s) =

1
sC fx
1
+ sL fx
sC fx

H ( z) < 1

,

( x = 1, 2 )

(21)

(23)

where H ( z ) = Q(z) - K r z l GP (z) .
Theoretically, the fixed gain K r is chosen to meet the
constraint in (23) at the nominal grid frequency
( f g = 50 Hz ) . Fig. 6 shows the locus of H ( z ) with
different values of K r . The locus of H ( z ) is fully inside
the unity circle if K r is less than 0.9 :
K r < 0.9

The phase-lead coefficient l is chosen uniquely to
l
minimize the phase displacement of GP ( z ) z [22].
l
Fig. 5 shows a Bode diagram of GP ( z ) z with different
values of l. Even though the minimum phase displacement
of GP ( z ) z l is obtained with l = 2, the phase lead coefficient
was chosen as l =3 by considering the computation delay.
The controller gain Kr in (19) strongly affects both the
compensation performance and the system stability. To
analyze the stability of the RC at the nominal grid
frequency, the relationship between the tracking error E (z)
and reference R (z) is derived as follows:

E( z) =

The system is stable if the following condition is
satisfied [12]:

(24)

We selected K r = 0.85 to obtain small steady-state
error and a sufficient stability margin.
In the case of grid frequency variation, the gain K r is
modified to be the adaptive gain K r' in (19), and the
transfer function of the FARC becomes (18). To make the
APF controller stable in spite of the grid frequency
variation, each component in GFARC in (18) should satisfy
the condition in (24). Therefore, each adaptive gain K r'
should be less than 0.9 :

K r' < 0.9

(25)

when K r is predetermined as 0.85 , the boundary of the
gain Am is:
Am < 1.0588

(26)

-N

[1 - Q(z)z ][1 - GP (z)]
R( z )
1 - z - N [Q(z) - K r z l GP (z)]

(22)

Fig. 7 shows the gain Am plotted by the LIFIR filter
approximation method according to the fraction term Fr
and approximation order n for 49.5 Hz £ f g £ 50.5 Hz . The
gain Am should satisfy (26) to keep the control system
stable when the grid frequency changes within this range.
If the approximation order is increased, the control system
becomes unstable and the computing burden increases. In
contrast, if the approximation order is decreased, the
approximation accuracy degrades.

Fig. 5. Phase diagram of GP ( z ) z l with different values
of l

Fig. 6. Locus diagram of H (z) with different values of Kr

Fig. 7. Surface value of Am with different values of n and
Fr
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Fig. 8. Values of Am with different values of Fr at n = 4

Fig. 11. Bode diagram of Go1 ( s ) with different sets of
KP1, KI
assumed to be the same as that of the d component.
Moreover, due to the similarity of the output LC filter, the
PI controllers of the series APF are the same as that of the
shunt APF. As a consequence, only one PI controller was
designed, and the following transfer function was derived:
Go1 ( s ) = GPI ( s ) GP ( s )

Fig. 9. Values of Am with different values of Fr at n = 3

Fig. 10. Bode diagram of RC and FARC at 6th-order
frequency
To find a suitable approximation order, Figs. 8 and 9
show plots of Am for approximation orders of 4 and 3 ,
respectively. In Fig. 8, because the maximum value of
Am is larger than 1.0588 in (26), the 4th-order LIFIR
filter approximation method is not appropriate for this
system. On the other hand, in Fig. 9, all gains A0 , A1 , A2 ,
and A3 are lower than 1.0588 in the case of the 3rdorder approximation. The fraction delay term z - Fr was
approximated with a 3rd-order polynomial. Fig. 10 shows
the performance of the FARC at the 6th-order frequency
with different fundamental grid frequencies compared
with the RC. The FARC operates effectively with high
selectivity under grid frequency variation.

3.2 PI controller
The PI controller design process is very well known, and
the PI controllers for both shunt and series APF control
schemes were properly designed to achieve sufficiently
wide bandwidth and highly effective compensation. For
simple design, the PI controller for the q component is
794 │ J Electr Eng Technol.2018; 13(2): 790-799

(27)

where Go1 ( s ) is the open-loop transfer function of the PI
controller GPI ( s ) and the plant GP ( s ) .
Based on trial and error, several sets of PI controller
gains were investigated, and Bode diagrams of Go1 ( s )
with different PI controllers are provided in Fig. 11. A
wider control bandwidth is achieved with higher controller
gains of K P1 = 10 and K I = 100 . However, a small phase
margin of Go1 ( s ) can lead to instability problems. In
contrast, small PI controller gains of K P1 = 1 and
K I = 10 ensure a large phase margin, but the controller
bandwidth is reduced. As a result, the PI controller gains
should not be too large or too small to ensure both highly
effective compensation and sufficient stability margin.
Using trial and error, we selected gains of K P1 = 1 and
K I = 10 , which have a wide control bandwidth with a cutoff frequency of 620Hz and a sufficiently large phase
margin of 63° .

3.3 PR controller
Similar to the PI controller design, the PR controller for
regulating the voltage sag/swell in the series APF control
scheme was designed by investigating the system stability.
The system’s open loop transfer function Go 2 ( s ) is
defined as follows:
Go 2 ( s ) = GPR ( s ) GP ( s )

(28)

Fig. 12 provides different Bode diagrams of Go 2 ( s )
with different sets of PR controller gains. Their phase
margins were calculated to prove that a higher controller
bandwidth leads to a smaller phase margin, and vice versa.
Hence, the PR controller with K P 2 = 1 and K R = 400

Dang-Minh Phan and Hong-Hee Lee

Fig. 12. Bode diagram of Go 2 ( s ) with different sets of
KP2, KR
Table 1. System parameters
Parameters
Grid voltage vG

Values
60V (rms )

*
Reference direct grid current I Gd

Reference quadrature grid current I

10A
*
Gq

0A

60V ( rms )

*
Ld

Reference direct load voltage V

*
Lq

Reference quadrature load voltage V

0V

Output filter capacitance Cf1, Cf2

0.8
1.2
50Hz
175V
5kHz
10kHz
2.2mH
40m F

Coupling transformer ratio Np : Ns
Load of diode rectifier RL
Load of diode rectifier CL

100 : 50
15W
150m F

Sag gain kamp
Swell gain kamp
Nominal grid frequency fg
DC-link voltage vDC
Sampling frequency fs
Switching frequency fsw
Output filter inductance Lf1, Lf2

Table 2. Controller types used for simulation and experiment
Shunt APF
PI
PI-RC
PI-FARC

Series APF
PI
PI-RC-PR
PI-FARC-PR

Type
I
II
III

was selected for good voltage sag/swell mitigation and for
stability. The cut-off frequency is 740Hz, and the phase
margin is 71° .

4. Simulation Results and Discussion
The effectiveness of the proposed FARC for S-UPQC
was verified by a simulation with PSIM and compared
with conventional controllers. The system parameters
and the controller types are described in Tables 1 and 2,
respectively.

4.1 Steady-state performance of the system
Fig. 13 shows the UPQC performance for controller

Fig. 13. Simulation results at fg =50Hz: (a) Load current iL,
(b) Grid voltage vG, (c) Grid current iG and (d)
Load voltage vL with controller type I, (e) Grid
current iG and (f) Load voltage vL with controller
type II
types I and II at a nominal grid frequency f g = 50 Hz . The
performance of the shunt APF with the RC is much better
than that with the PI controller. In Fig. 13(c), the grid
current iG is still highly distorted, and its total harmonic
distortion (THD) is up to 19.51% because the PI
controller bandwidth is not wide enough to regulate the
high harmonic orders (the 11th and 13th orders). In contrast,
in the case of the RC, the grid current THD in Fig. 13(e)
is only about 0.70% and iG is almost sinusoidal.
Regarding the highly distorted voltage vG in Fig. 13
(b), the series APF with controller type II shows superior
performance to that with controller type I, as demonstrated
in Figs. 13(d) and 13(f). The THD values of vL are about
3.95% and 0.46% , respectively. The figures show that
the PI controller is not sufficient to compensate the
harmonic components because of its limited control
bandwidth.
The RC without frequency adaptation (controller type
II) and the proposed FARC (controller type III) were also
investigated with a different grid frequency of f g =
49.5 Hz. Figs. 14(c) and 14(e) show the grid current
waveforms with controller types II and III, respectively.
As shown in Fig. 14(c), the shunt APF with controller
type II cannot accurately track and regulate the harmonics
because all harmonic frequencies are shifted. However,
the proposed FARC effectively compensates the harmonic
http://www.jeet.or.kr │ 795
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Fig. 15. Simulation results at fg =50Hz with controller type
III: (a) Load current iL, (b) Grid current iG, (c) Grid
voltage vG, (d) Load voltage vL

Fig. 14. Simulation results at fg =49.5Hz: (a) Load current
iL, (b) Grid voltage vG, (c) Grid current iG and (d)
Load voltage vL with controller type II, (e) Grid
current iG and (f) Load voltage vL with controller
type III
Table 3. Summary of THD values of simulation results
fg (Hz)
50
49.5

Controller
Type I
Type II
Type II
Type III

THD (%)
iG
19.51
0.70
10.22
0.76

vL
3.95
0.46
3.61
0.47

components. The THDs of iG for each case are 10.22%
and 0.76% .
Regarding the series APF performance, controller type
III maintains almost the same performance as that at the
nominal frequency shown in Fig. 13(f). The value of vL in
Fig. 14(f) shows a THD of 0.47% . Meanwhile, the vL
waveform in Fig. 14(d) with controller type II is not a
purely sinusoidal waveform, and its THD is about 3.61% .
Table 3 summarizes the THDs for each controller used in
the simulation. Controller type III shows much better
results than controller types I and II, and they are fully
compliant with the IEEE 519-1992 standards [23].

4.2 Transient-state performance of the system
Fig. 15 provides the system current and voltage
waveforms in the case of the nominal grid frequency with
proposed controller type III for when the load power is
changed from 260W to 380W . It takes about 1.5 cycles
796 │ J Electr Eng Technol.2018; 13(2): 790-799

of regulating iG to obtain the desired waveform. Moreover,
there is no overshoot/undershoot of iG during the transient
period. Similarly, the proposed controller for the series
APF also shows good characteristics by mitigating all
voltage issues in vG , which is highly distorted with severe
sag (kamp = 0.8) and swell (kamp = 1.2) . As shown in Fig.
15(d), the proposed FARC significantly reduces the
transient period of vL to less than half of the fundamental
cycle, and vL is forced to be sinusoidal with nominal
*
amplitude VL , dq , regardless of the distortion and sag/swell
in the grid voltage. Thus, both iG and vL are perfectly
maintained to be sinusoidal in spite of the variation of
the load and grid conditions, and it provides a very fast
transient time.

5. Experimental Results and Discussion
An experimental prototype of the proposed system was
investigated. All hardware parameters are the same as those
used in the simulation (Table 1). The whole control scheme
for S-UPQC was implemented using a 32-bit floating-point
DSP (TMS320F28335; Texas Instruments), and the desired
grid voltage was generated using a programmable AC
power source (Model 61704; Chroma).

5.1 Steady-state performance of the system
In the steady-state analysis at f g = 50 Hz, the performance
with controller types I and II were investigated, and the
experimental results are shown in Fig. 16. The grid current
and load voltage waveforms in Figs. 16(c) and 16(d) show
that controller type I is not sufficient to handle the
harmonic problems. The grid current iG and load voltage vL

Dang-Minh Phan and Hong-Hee Lee

Fig. 16. Experimental results at fg =50Hz: (a) Load current
iL, (b) Grid voltage vG, (c) Grid current iG and (d)
Load voltage vL with controller type I, (e) Grid
current iG and (f) Load voltage vL with controller
type II

Fig. 17. Experimental results at fg =49.5Hz: (a) Load
current iL, (b) Grid voltage vG, (c) Grid current iG
and (d) Load voltage vL with controller type II, (e)
Grid current iG and (f) Load voltage vL with
controller type III

are far from sinusoidal waveforms, and the 3rd, 5th, 7th, and
9th orders of iG and vL are still very high from the fast
Fourier transform (FFT). In contrast, controller type II
regulates all harmonics of iG and vL to be zero, such that iG
and vL become almost sinusoidal waveforms, as shown in
Figs. 16(e) and 16(f).
Even though controller type II can mitigate power
quality problems well at the nominal frequency, its steadystate performance is severely degraded when the grid
frequency changes ( f g = 49.5 Hz ) , as shown in Fig. 17(c)
and 18(d). iG and vL are highly distorted, and they could
lead to some critical problems for the network. In contrast,
the proposed FARC (controller type III) can fully mitigate
both the current/voltage harmonics and the voltage sag,
as shown in Figs. 17(e) and 17(f), in spite of the grid
frequency variation.

5.2 Transient-state performance of the system
Fig. 18 shows the dynamic performance of the proposed
FARC for both the shunt and series APFs. In spite of the
load variation, the grid current iG tracks its command value
I G* , dq within just 1.5 cycles without any overshoot, as
shown in Fig. 18(b). The load voltage in Fig. 18(d) shows

Fig. 18. Experimental results at fg =50Hz with controller
type III: (a) Load current iL, (b) Grid current iG, (c)
Grid voltage vG, (d) Load voltage vL
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good dynamic performance with a very short transient
time of only about one-quarter of the fundamental period,
despite the high distortion, sagging, and swelling in vG .
The simulation and experimental results show the
superiority of the proposed FARC is also proven together
with the results. The method has good compensating
performance with a fast dynamic response under different
grid and load conditions.

[5]

[6]

6. Conclusion
[7]
This paper presented the development of S-UPQC and
proposed a flexible, robust control scheme. The LIFIR
filter approximation method was modified and applied for
the conventional RC, which cuts the delay time in half, and
good compensating performance with high dynamics was
achieved. The S-UPQC with the proposed control scheme
could fully mitigate all possible power quality problems,
and the grid current and load voltage were maintained to be
sinusoidal at the desired values, regardless of any variation
in the load or grid. Additionally, a frequency-adaptive
scheme was investigated to evaluate the performance under
grid frequency variation. The performance of the S-UPQC
was verified by a simulation and an experiment.

[8]
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