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a b s t r a c t

This paper proposes an improved multi-loop control scheme for the single-phase uninterruptible power
supply (UPS) inverter by using a plug-in odd-harmonic repetitive controller to regulate the output
voltage. In the suggested control method, the output voltage and the filter capacitor current are used as
the outer and inner loop feedback signals, respectively and the instantaneous value of the reference
voltage feedforwarded to the output of the controller. Instead of conventional linear (proportional-in-
tegral/-resonant) and conventional repetitive controllers, a plug-in odd-harmonic repetitive controller is
employed in the outer loop to regulate the output voltage, which occupies less memory space and offers
faster tracking performance compared to the conventional one. Also, a simple proportional controller is
used in the inner loop for active damping of possible resonances and improving the transient perfor-
mance. The feedforward of the converter reference voltage enhances the robust performance of the
system and simplifies the system modelling and the controller design. A step-by-step design procedure is
presented for the proposed controller, which guarantees stability of the system under worst-case sce-
narios. Simulation and experimental results validate the excellent steady-state and transient perfor-
mance of the proposed control scheme and provide the exact comparison of the proposed method with
the conventional multi-loop control method.

& 2017 ISA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

There are many reasons for ever increasing attention to re-
newable energy sources and distributed generation (DG) systems
in electric industry, such as diversification to energy sources,
sustainable development and energy safety. The recent advances,
show the high potential of renewable energy sources as a sus-
tainable alternative to the conventional electric power supplies,
especially in providing electricity to remote areas or sensitive
loads. Usually, in these systems, the generated power is DC and to
be connected to a load with desired amplitude and frequency, a
converter is needed. In fact, an uninterruptible power supply (UPS)
inverter is used to regulate the generated energy, which acts as a
controlled-voltage source in the stand-alone operation [1].

Commonly, a UPS inverter is connected to the AC load via an LC
smoothing filter to attenuate the switching noises. It should be
noted that this type of filters offer improved performance and
higher efficiency than the simple L-type filters for UPS inverters.

Up to now, different control schemes are presented for UPS
rights reserved.

rooshan),
inverters in literature [2,3]. These schemes can be classified into
three main categories: repetitive controllers, nonlinear controllers,
such as sliding-mode and artificial neural networks and in-
stantaneous model-based feedback controllers, usually multi-loop
structures.

While the repetitive controller (RC) can effectively reject peri-
odic disturbances with minimum dependence on system para-
meters, but low dynamic performance, requirement of a high
memory space and weak performance in response to non-periodic
disturbances are known as main limitations of this method [4–8].

Nonlinear controllers offer the benefits of an excellent dynamic
performance, with no observable overshoots in the output voltage
waveforms, at the expense of increased complexity, sensitivity to
parameter mismatches and steady-state errors [9–14].

The multi-loop model-based instantaneous feedback con-
trollers provide an appropriate dynamic performance as well as a
limited steady-state error. On the other hand, the performance
depends on the system parameters and due to the limited loop
gain at the AC frequency, the steady-state error cannot be com-
pletely eliminated [15–17].

In this paper, the combination of multi-loop and repetitive
controllers is proposed in order to integrate the advantages of the
above methods. Therefore, a method for efficient control of the
UPS inverter with minimum distortion and error from reference
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Table 1
System parameters.

Parameter Symbol Value

Filter inductance L 2 mH
Filter capacitance C 25 mF
ESR of the inductance rL 0.2 Ω
DC-link voltage Vdc 200 V
Fundamental frequency f 50 Hz
Switching/sampling frequency fs 10 kHz
Nominal power Pn 500 W

Fig. 2. Single-phase UPS inverter model.
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voltage can be obtained. Also, with respect to limitations and large
memory requirements of the conventional repetitive controller, in
this work, the odd-harmonic repetitive controller (OHRC) is
adopted to our problem, which occupies less memory space and
offers faster tracking performance while keeping the perfect dis-
turbance rejection of the repetitive controller [18].

The suggested control scheme uses two variables as feedback
signals. The output voltage in the outer control loop is regulated
with the plug-in OHRC and the capacitor current is controlled in
the inner loop through a simple proportional controller to achieve
active resonance damping and perfect load disturbance rejection.
Moreover, a feedforward compensation of the reference voltage is
used, which decreases the control effort, improves the perfor-
mance of the multi-loop controller and simplifies the system
modelling and the controller design. As a practical solution, the
inverter and the load currents are directly measured, which are
required for protection purposes. Therefore, the filter capacitor
current, which is the inner loop feedback variable, is calculated by
the Kirchhoff's current law from the two other currents, to reduce
the number of sensors.

Mathematical model of the UPS inverter is analyzed in Section
2. In Section 3, the proposed control structure and a step-by-step
controller parameter design procedure are presented, which
guarantees stability of the system under worst-case scenarios. Fi-
nally, simulation and experimental tests of the system are con-
ducted to confirm the effectiveness of the proposed method.
2. System modeling

The power stage of a single-phase UPS inverter with output LC
filter is shown in Fig. 1. If an appropriate capacity for the dc-link
filter is selected, then the power source can be assumed as a
constant voltage. The system parameters are listed in Table 1. With
respect to Fig. 1, the equations of the system dynamic can be ex-
tracted as

= + + ( )v r i L
di
dt

v 1L L
L

O

= + ( )i i C
dv
dt 2L O

O

where v, vO, iL and iO are the output voltage of the inverter, the
load voltage, the filter (converter) current and the load current,
respectively. Based on (1) and (2) and assuming a high switching
frequency, (more than twenty times the fundamental frequency,)
the UPS inverter averaged model is depicted in Fig. 2.
Fig. 1. Power stage of a single-phase UPS inverter.
3. Control scheme of UPS inverter

3.1. Proposed control structure

The multi-loop control structure generally consists of nested op-
eration of the output voltage and the inverter, capacitor or the output
current regulation loops. In this method, the outer loop follows the
reference signal to remove the steady-state error, while the inner loop
guarantees the stability over a wide range of operating conditions, a
fast dynamic response and the necessary damping to the resonance in
the output LC filter. Indeed, the ideal LC filter has a high tendency to
resonate with the switching harmonics [1,3,16]. There are either ac-
tive or passive damping solutions to tackle this problem. In the pas-
sive damping, a damping resistor is used in the filter circuit, which
increases the losses; therefore this solution is rarely used, especially in
high power applications [19]. On the other hand, the active damping
methods are proposed to ensure stability and at the same time avoid
additional losses. As a common solution, the multi-loop active
damping adds a virtual resistor to the control system by using an
extra control loop.

The multi-loop control may use any system current as the control
variable of the inner loop: inverter current, filter capacitor current or
output current, among which the filter capacitor current is more
advantageous [20]. In fact, it is already shown that the feedback of the
filter capacitor current offers better disturbance rejection capability,
while its scale is smaller than the other currents [20]. Meanwhile, it
should be noted that this selection adds an extra current sensor to the
converter circuit. In practice, both inverter and output currents must
be directly measured for the purpose of overcurrent protection. In this
paper and in order to reduce the number of sensors, the filter capa-
citor current, which is the inner loop feedback variable, is calculated
by the Kirchhoff's current law from the two other currents, which are
already measured.

Fig. 3 shows the proposed multi-loop control scheme. Evidently
the outer feedback loop uses a plug-in repetitive controller and the
inner loop for the filter capacitor current regulation is a simple
proportional controller. A feedforward of the output voltage,
which for the sake of simplicity can be assumed equal to its re-
ference, is also included to reduce the control effort, especially
at the start-up and enhance the system robustness. In fact, a
simple proportional controller needs a high proportional gain to
reduce the steady-state error, but the voltage-feedforward path in
the proposed control scheme solves this problem and reduces the
required control effort [1]. Also, as it will be seen, this feedforward
simplifies the system modelling and the controller design.



Fig. 3. Proposed multi-loop control scheme for the UPS inverter.

Fig. 4. UPS inverter with the inner current control loop.

Fig. 6. Bode plots of the CRC and OHRC.
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3.2. Current control loop design

The closed loop transfer function of the UPS inverter with the
inner current control loop, from Fig. 4, can be obtained as

( ) = =
+ ( ( + ) + ) + ( )

G s
i

i
ZCK s

ZCLs ZC r K L s r 3
i

C

C ref

i

L i L,
2

where Z and Ki are the load impedance and the proportional
controller gain, respectively. The gain of the PWM modulator
(KPWM) is assumed unity. In this work, Ki is determined according
to the decided bandwidth for the current control loop. The
bandwidth of the current control loop must be enough bellow the
switching frequency to protect the controller from the switching
noises. Therefore, considering the current controller bandwidth
equal to one-tenth of the switching frequency (ωbi¼2π(0.1� fs)¼
6.28 krad/s), one can simply evaluate the transfer function at the
bandwidth frequency, i.e. |Gi(jωbi)|2¼1/2. Consequently the gain of
the controller is calculated as 25. It should be noted that this value
is obtained for the nominal or maximum loading condition, be-
cause in this situation, the smallest bandwidth is expected among
all possible loading conditions. So, the bandwidth will never be-
come less than the desired value under any circumstances [1,21].

3.3. Voltage control loop design

In the next step, the plug-in repetitive controller of the outer
loop should be designed properly. Fig. 5 shows the simplified block
diagram of the proposed control scheme, where e is the voltage
tracking error, and the Gi(s) is shown in Eq. (3).

The main idea behind the repetitive controller is a simple delay
line in the feedback or the feedforward path that generates infinite
poles and as a result, infinite tuned resonant filters.

The Bode plots of the conventional repetitive controller (CRC)
and the OHRC are shown in Fig. 6. Clearly, the CRC has an infinite
Fig. 5. Voltage control loop.
set of resonant filters in all multiples of the fundamental fre-
quency. Contrary, the OHRC, which is adopted in this work, only
has resonant filters at the odd multiples of the fundamental fre-
quency, which are the dominant harmonics in practical applica-
tions of single-phase UPS inverters. So, it seems that both CRC and
OHRC methods can achieve a very good tracking of the funda-
mental voltage and disturbance rejection at dominant harmonics,
which result in a low THD of the output voltage, however the
number of memory cells occupied by the OHRC, as well as the
required calculations, is nearly half of the CRC. It will be shown
that the settling time of the OHRC is nearly half of the CRC, thanks
to the much reduced calculation and memory requirements.

The structure of the plug-in OHRC is shown in Fig. 7, for which
the following transfer function is derived [14]

( )( )
( )

= + ( )
( )

c z
e z

K G z1
4v rc
Fig. 7. Structure of the plug-in OHRC.



Fig. 8. Phase compensation of OHRC for different values of M.

Fig. 9. The spectrum of harmonics ratio of the system without the repetitive
controller.

Fig. 10. The closed-loop Bode diagrams of current control loop.

Fig. 11. The closed-loop Bode diagrams of voltage control loop without the re-
petitive controller.
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where Kv is the conventional proportional controller that ensures
fast dynamics of the system [22], and the transfer function of the
OHRC is

( ) = − ( )
+ ( )

( )
( )

−

−
G z K

Q z z
Q z z

G z
1 5

rc rc

N

N f

/2

/2

where Krc is the repetitive controller gain, Q(z) is a low-pass filter
to remove high frequency disturbances (|Q(jω)|-1 at low fre-
quencies and |Q(jω)|-0 at high frequencies), Gf(z) is a phase
compensation filter to achieve zero-phase characteristic and sta-
bilize the closed-loop system, and N is the number of samples per
one cycle of the output voltage (N¼ fs/f ¼200).
The filter Gf(z) is usually selected as zM/H(z) to compensate the
phase lag due to the repetitive controller and unmodeled delays of
the system, whereM is determined based on the experiments [18].
Fig. 8 shows the compensated phase of the OHRC for different
values of M (M∈{0, 1, 2, …, 10}). According to this figure, it is ob-
vious that a small value, such as M¼2 or M¼3 is enough for the
phase compensation. However, in order to choose the appropriate
value of M in practice, several experiments with different values of
Krc ([0 2]) and M (M∈{0, 1, 2, …, 10}) was performed and the re-
sponse of the system in the steady-state and transient conditions
was analyzed. In practice and due to the disturbances and un-
certainties, M47 provides the nearly optimum system response.
So, M is chosen to be 8.

Also, H(z) is the transfer function of the closed-loop system
without the repetitive controller. In our formulation, H(z) can be
written as

( ) =
( ) ( )

+ ( ) ( ) ( )
H z

K G z G z
K G z G z1 6

v i p

v i p

where Gp(z) is the filter capacitor transfer function (Gp(s)¼1/(Cs)).
From Figs. 5 and 7, the transfer function of vo,ref to vo can be

readily derived as
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and the error transfer function of vo,ref to e is
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The error transfer function (Eq. (8) has a maximum value,
which is recommended to be in a range already defined by (9)
[18].

≤ ( ) ≤ ( )
ωG e1.5 3 9e

j
max

From (6) to (9), the stability of the overall closed-loop system of
Fig. 5 is satisfied if firstly, the roots of 1þKvGi(z)Gp(z)¼0 are inside
the unit circle, and secondly [7]

‖ − ( ) ( )‖ < ≤
( ) ( )

k G z H z
Q z

1 1
1

10
rc f

The first criteria satisfies that the closed-loop system H(z) or
equivalently H(s) is stable. Therefore, the transfer function H(s)
will be obtained and its stability will be analyzed. The closed-loop
transfer function of the system in s-domain without the repetitive



Fig. 12. Simulated output voltage and current (a) in the steady-state under nominal resistive load (b) in response to the step fall of the reference voltage amplitude (c) in the
steady-state under highly nonlinear load.
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controller can be obtained as

( ) =
+ ( ( + ) + ) + ( + ) ( )

H s
ZK K

ZCLs ZC r K L s ZK K r 11
v i

L i v i L
2

The H(s) has a second order denominator and stability condi-
tion is trivial. The poles of H(s), based on the converter parameters
and designed controller gains, are located at

( )=
−( ( + ) + ) ± ( ( + ) + ) − ( + )

12p
ZC r K L ZC r K L ZCL ZK K r

ZCL
4

2
.L i L i v i L
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Fig. 13. Nonlinear load.

Fig. 14. Steady-state waveforms and output voltage harmonic spectrum under the nomin
CH2 is the output current.
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Then, the second stability condition must be evaluated for our
problem. By substituting Gf(z) with zM/H(z), (10) becomes

‖ − ( ) ( )‖ = −
( )

( ) = ‖ − ‖ <
( )

k G z H z k
z

H z
H z k z1 1 1 1

13
rc f rc

M

rc
M

where z¼ejω

( )ω ω

ω

‖ − ‖ = ‖ − ( ) − ( )‖

= − ( ) + < ( )

ωk e k M jk M

k k M

1 1 cos sin

2 cos 1 1 14

rc
jM

rc rc

rc rc
2

and the result is
al resistive load of (a) OHRC (b) CRC (c) PR controller: CH1 is the output voltage and



Fig. 15. Steady-state waveforms and output voltage harmonic spectrum under a highly nonlinear load of (a) OHRC (b) CRC (c) PR controller: CH1 is the output voltage and
CH2 is the output current.
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ω< ( ) ( )k M2 cos 15rc

which imposes that the gain Krc must lie in the range [0 2], which
in this work is selected to be 0.5.

The low pass filter Q(z) is chosen to be a 5th-order Bessel filter
in this work. Bessel filter has a linear phase response and an ex-
cellent transient performance. This means that it produces a
constant delay with respect to frequency, which can be simply
compensated. The 5th-order Bessel filter transfer function is

( ) =
+ + + + + ( )

Q s
s b s b s b s b s b

1
165

4
4

3
3

2
2

1 0
In order to determine the cut-off frequency of Q(s), the dis-
tribution of the harmonics magnitudes of the output voltage over
the frequency is determined. For this purpose, the harmonic ratio
is defined as [18]

( ) =
∑
∑ ( )

=

=

f j
M

M 17
i
j

i

i
n

i

0

0

where f(j) is the jth-order harmonic ratio, Mi is the magnitude
ratio between the ith-order harmonic (i¼0, 2, 3,…) and the fun-
damental component. The spectrum of the harmonics ratio of the
system without the repetitive controller is shown in Fig. 9. From



Fig. 16. Transient waveforms in response to 50% step fall of the reference voltage amplitude for (a) OHRC (b) CRC (c) PR controller: CH1 is the output voltage and CH2 is the
output current.
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this figure, we can see that about 90% of the harmonics are in the
range 0–1000 Hz (20th order). Therefore, the cut-off frequency of
Q(s) is selected as 1000 Hz. It is a good tradeoff between system
tracking accuracy and system robustness. The coefficients of the
filter are: b0¼1, b1¼0.0006, b2¼1.74�10�7, b3¼2.73�10–11 and
b4¼2.44�10–15.

To derivation of Gf(z) requires the calculation of H(z). By using
the Tustin approximation method, (11) is discretized as

( ) = + +
+ + ( )

H z
a z a z a
a z a z a 18

1
2

2 3

4
2

5 6

where

a1¼a3¼a2/2¼ZKvKiTs
2,

a4¼(4Lþ2Ts(rLþKi))ZCþ2TsLþ(ZKvKiþrL)Ts2,
a5¼� 8ZCL�2(ZKvKiþrL)Ts2, and
a6¼(4L�2Ts(rLþKi))ZC�2TsLþ(ZKvKiþrL)Ts2.

The gain Kv is determined according to the decided bandwidth
for the voltage control loop without the repetitive controller. In
this work, the outer loop bandwidth is chosen to be 750 Hz, which
is in the middle of the range of ten times the fundamental fre-
quency and one-tenth the switching frequency, i.e.
⎛
⎝⎜

⎞
⎠⎟ω π= + =

( )
krad s2

1000 500
2

4.71 /
19

bv

By solving |H(jωbv)|2¼1/2, the Kv is calculated to be about 0.125.
It must be noted that Kv is determined under the no-load condi-
tion, which translates to the worst stability condition.

Also, the Bode diagrams of the current and voltage control
loops are shown in Figs. 10 and 11. The controller bandwidth is
assessed for both loops in these figures. Apparently, the decided
bandwidths are exactly achieved. Also Fig. 10 shows how suc-
cessfully the inner current control loop can eliminate the resonant
peak and increase the converter stability. Therefore, these two
plots confirm the effectiveness of the control design procedure.
4. Performance evaluation

4.1. Simulation results

The single-phase UPS inverter with parameters of Table 1 is
simulated in MATLAB/Simulink environment. For the sake of
comparison, the conventional multi-loop control, where the plug-
in OHRC is replaced by a PR controller is also simulated. The
proportional and resonant gains of the PR controller are calculated



Fig. 17. Transient waveforms in response to no-load to nominal resistive load step change for (a) OHRC (b) CRC (c) PR controller: CH1 is the output voltage and CH2 is the
output current.
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according to the directions of [1], as 0.15 and 30, respectively. The
comparative performance analysis is conducted under different
operating conditions.

In the first experiment, the output waveforms and error of
control with the nominal resistive load are depicted in Fig. 12(a).
The output voltage with both control methods is a perfect sinu-
soidal waveform with a negligible THD value when the load is
resistive. The tracking error of the multi-loop control is limited to
1.9% and 2.1% for the OHRC and the PR controllers, respectively.

Fig. 12(b) compares the transient performance in response to a
step change of the reference voltage amplitude. Evidently, the
OHRC presents a faster response; however, for both controllers the
transient quickly diminishes and the voltage error during the very
short transient interval is negligible. The excellent transient per-
formance is a result of the proper determination of the controller
parameters.

Finally, the performance of the controllers under a highly
nonlinear load is analyzed. The nonlinear load, shown in Fig. 13,
consists of a diode rectifier bridge feeding an RC circuit through a
small resistor. The values of R1, R2 and C are 2Ω, 15Ω and
6800 uF, respectively. This nonlinear load is designed according to
the requirements of IEC 62040-3 standard (Annex E) [23]. The
output voltage and current waveforms are shown in Fig. 12(c). As
can be seen, while the load current is highly distorted, the voltage
waveform remains sinusoidal. In this case, the proposed controller
offers a better performance than the PR controller in terms of the
voltage THD. Indeed, the output voltage THD under a highly non-
linear load is almost reduced by half for the proposed controller
compared to the PR one. Therefore, the main differences between
the proposed and the conventional controllers are in transient
performance and under nonlinear loading conditions.

4.2. Experimental results

The excellent performance of the suggested control scheme is
also confirmed through experiments on a laboratory test rig. The
experimental parameters are the same as the simulations. The
control algorithm is implemented on a TMS320F28335 floating-
point digital signal controller from Texas Instruments.

For more clarification, the experimental results of comparison
between the proposed controller (OHRC) and the PR and the CRC
controller are presented.

The steady-state output voltage and current under the nominal
resistive load are shown in Fig. 14(a), (b) and (c) for the proposed
controller (OHRC), the CRC and the PR controller, respectively.
Also, the harmonic spectrums of the output voltage are shown.
The THD values of the output voltage in this test are 2%, 1.9% and
2.5% for the OHRC, the CRC and the PR controller, respectively.



Fig. 18. Transient waveforms in response to zero power startup command for (a) OHRC (b) CRC (c) PR controller: CH1 is the output voltage and CH2 is the output current.

Table 2
Controllers performance comparisons.

Control
method

THD (lin-
ear load)

THD (non-
linear load)

Convergence time
(voltage amplitude
step change)

Convergence
time (startup)

OHRC 2% 4% about 0.4 ms about 1 ms
CRC 1.9% 3.9% about 0.8 ms about 55 ms
PR 2.5% 8.9% about 2 ms about 165 ms
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Indeed, the experimental and simulation results are in good
agreement, from different aspects, such as the trend of harmonic
spectrums.

In the second experiment, the steady-state performance under
the nonlinear load of Fig. 13 is reported in Fig. 15. Fig. 15(a), (b) and
(c) show the results for the OHRC, the CRC and the PR controller,
respectively. While the THD value of the output current is about
50%, the THD of the output voltage for three controllers are 4%,
3.9% and 8.9%. It should be noted that according to the IEC 62040-3
standard and for this type of loading condition, the voltage THD is
required to be less than 8%. Therefore, the PR controller does not
satisfy this standard in term of the output voltage THD.

Indeed, in the steady-state experiments, we can find out that
the output results of the OHRC and the CRC are excellent and the
THD value of the output voltage is less than 5%, while the result of
the PR controller is not satisfactory (especially in the case of
nonlinear load).

It should be noted that the simulation and experimental results
may differ in some details. However, there are several reasons for
differences of the THD values and other performance indices be-
tween the simulations and experiments, the main being: the DC
voltage ripples, sensor circuit non-idealities, switching rise/fall
times, dead-time distortions, nonlinear characteristic of the filter
inductor and circuit parasitic elements in the practical im-
plementation [24].

In the next experiment, the dynamic performance is explored
by examining the transient response of the converter system to a
50% step fall of the reference voltage amplitude. The results, are
shown in Fig. 16(a), (b) and (c) for the OHRC, the CRC and the PR
controller, respectively. Fig. 16(a) confirms the excellent tracking
performance of the output voltage waveform for the proposed
controller, while the responses for the CRC and the PR controller
are slower than the OHRC and after a small time, the response
reaches its steady-state value.

In another experiment, Fig. 17 shows the converter transient
waveforms in response to no-load to nominal resistive load step
change. Evidently, the output voltage waveform of the proposed
controller is not affected at the event of load connection. The re-
sults of this test for the CRC and the PR controller are acceptable,
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however a small dip can be distinguished in the voltage waveform,
which is more evident for the PR controlled converter.

As the final experiment, the startup transient behavior of the
system is reported in Fig. 18. In this test, the proposed controller
demonstrates the best performance, but the performance of the
CRC is not satisfactory and a small oscillation occurs around the
voltage negative peak. The worst case in this test corresponds to
the PR controller, for which the start-up output voltage is in sa-
turation and the output voltage waveform is square.

Table 2 compares the steady-state and transient performance
of the OHRC, the CRC and the PR controllers. This table confirms
the accurate and fast performance of the proposed controller
compared to the two other controllers. It should be noted that
although the THD value of the CRC in the steady-state is almost
close to the OHRC, but the memory space occupied by the CRC and
the required calculations is much higher than the OHRC (in some
cases, it may be a challenge for successfully executing the control
algorithm in one sampling period).
5. Conclusion

In this paper, a new multi-loop control scheme for the UPS
inverter with a plug-in OHRC is proposed and the control para-
meters are exactly determined by a step-by-step design procedure
in the frequency domain. The excellent performance of the pro-
posed control scheme in providing sinusoidal voltages, even under
highly non-linear loads and offering a fast and smooth transient
response is confirmed through simulations in the MATLAB/Simu-
link environment and experiments on a laboratory setup.
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