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ABSTRACT:

This paper presents the design of a high-performance
sinusoidal pulsewidth modulation (SPWM) controller
for threephase uninterruptible power supply (UPS)
systems that are operating under highly nonlinear
loads in the systemin the system. Generally, the clas-
sical SPWM method is quite effective in adjusting the
RMS magnitude of the UPS output voltages for that
system. However, it is not good enough in compensat-
ing the harmonics and the distortion caused specifically
by the nonlinear currents drawn by the rectifier loads.
It is more severe at high power where the switching
frequency has tobe reduced due to the efficiency con-
cerns. At this stage, this study proposes a new design
strategy that overcomes the limitations of the classi-
cal RMS control. In this method,the inner loops to the
closed-loop control system effectively that enables
successful reduction of harmonics and compensation
of distortion at the outputs. In this paper, the Simulink
is used to design the controller using the state-space
model of the inverter of the nonlinear load. Finally,
the simulation results demonstrate that the control-
ler successfully achieves the steady-state RMS voltage
regulation specifications as well as the total harmonic
distortion and the dynamic response requirements of
major UPS standards in the system.
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sinusoidal pulse width modulation (PWM) control,
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I. Introduction:

The performance SPWM control strategy is very effi-
cient in the nonlinear load. The increased use of recti-
fiers in critical loads employed by the information tech-
nologies and medical and military equipment mandate
the design of (UPS) with high-quality outputs in the
system[1]-[3]. The highly nonlinear currents drawn es-
pecially by highest-power single-phase rectifier loads
greatly distort the UPS outputs of the system. The dis-
torted UPS voltages cause generation of low dc volt-
age at the output of the rectifier loads, which causes
high current flow, increased power losses, and possibly
the malfunction of the critical load or the UPS of the
system. The distortion is resulted mainly by the voltage
drop across theinductive element of the LC filter due to
the non sinusoidal current at the output of the inverter
[4]-[6] in the system. In a UPS system, the inverter is
responsible for synthesizing sinusoidal voltages from a
dc source through the pulse width modulation (PWM)
of the dc voltage in the system. In this system, the in-
ductive element is needed to remove the switching
frequency harmonics from the current waveform that
are generated by the PWM operation of the inverter
in the system. A major research has been conducted
to design such controllers for the high-performance
UPS systems [2]-[5], [7]-[12]- This study proposes a
multiloop high-performance SPWM control strategy
and a design that overcome the limitations ofthe clas-
sical RMS control [13]. The significance of the proposed
multiloop controller compared to other methods is as
follows:
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Figure 1: Single-line diagram of a typical three-phase four-wire transformer isolated UPS system.
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1. The main execution time is less and allows higher
switching frequencies of the nonlinear load.

2. The cost is low.

3. The easy tuning even under load of the system.

4. The flexibility: It means that we can modify our con-
troller and optimize it using this system.

5. The scalability: It means that the controller is very
easy to design and tunable for any power level system

[13]-

Il. Architectural Diagram:
A.System Description:

In the architecture of given advanced SPWM system
the three phase thermistor-based controlled rectifier
converts the mains voltages into a constant dc and also
provides standalone charge for the batteries.
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In this paper, a six-switch PWM voltage source inverter
(VSI) creates balanced three-phase sinusoidal voltages
across the load terminals at the utilization frequency
and magnitude of the system.

Then the LC low-pass filter avoids the harmonics gen-
erated by the PWM switching system. The A-winding
of the transformer blocks the third harmonic currents
at the inverter side, and the zigzag winding provides a
neutral point and zero phase difference for the load-
side voltages.

In this system, the load can be a three-phase or a single
phase load ranging from linear to nonlinear load of the
system.
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Figure2:UPS inverter stage including the A-zigzag transformer equivalent circuit and the resistive load.

In this paper, the model is developed based on the cir-
cuit schematic given in Figure. 2. As shown in Figure.
2, in an insulated gate bipolar transistor (IGBT)-based
three-phase inverter is used to create pulse-width
modulated voltages across the terminals labeled as 1,
2,and 3 in the system. L is the outer filter inductor used

to decrease ripple at the line current,

LIkt is the primary side leakage and Ly is the magnetiz-
ing inductance of the transformer of the given system
then L_Ik2 is the secondary side leakage inductance in
the diagram, C’ is the filter capacitor, and finally R’ is
the load resistance (the prime symbol represents the
parameters referred to the A-side of the transformer)
in the given UPS inverter stage.

Table 1: Major UPS Design Specifications

Output Power 10kVA, 0.85 power factor
Output voltage(RMS) 220+2.2 V line to neutral
Output voltage(THD)% < 3% under the linear full load
< 5% under the nonlinear full load
Transient Response Comply to the ITIC standards
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B. State Space Model of the Inverter Power
stage:

The state-space model of the plant (three-phase invert-
er)isrequired toimprove, develop and test the control-
ler performance in the system.So, using L = 30 uH, Lu=
1 H, LIk1 = 820 pH, L’lk2 =100 pH, C’= 202 uF, Vdc = 405
V, Vtri = 2487, R’= 10 Q for full load and R’= 255 Q, the
state-space model of the plant is obtained as shown in
Figure. 3. In that system, the peak of the carrier wave-
formis obtained based on the type of the selected DSP
and the switching frequency in the system.

C.Controller Design:

This paper presents the design of the proposed invert-
er controller in the system.The main controller is based
on the multiloop SPWM method which is shown in Fig-

The controller topology is very identical to the classi-
cal state-feedback multiloop controllers [8],[9] in the
system,except that all the loops are collected before
they are applied to the PWM generator in the system.
The controller parameters are described as follows.

It is based on the steady-state voltage regulation and
transient response specifications given in Table | of the
paper, first the gains of the main voltage loop are de-
termined as Kp1 = 2and Ki = 0.05, as shown in Figure.
5.

Then, the Kp2 = 3 is determined for the practical low-
est THD while Kd and Kp3 are adjusted to maintain a
stable operation. The proper gains for Kd and Kp3 are
obtained using the control design tool for the lightly
loaded case in the model shown in Figure 3. The lightly
loaded case is the worst case in terms of the stability in
the system.
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Figure 3: State-space model of the inverter power stage (the plant) including the closed-loop control system and
the controller built in Simulink.
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Figure 4: Simulink model of the proposed multiloop controller.
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Figure 5: Step response analysis of the closed-loop control system: (a) for Kp2= 3, Kd = 0, and Kp3 = 0; (b) for Kp2
=3, Kd = 3, Kp3 = 0 (blue), Kp3 =0.75 (green), and Kp3 = 1.0 (red).
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I1I) Result analysis:

The results are evaluated based on steady-state error, transient response, and the THD of the output voltage. Fig-
ure 6 shows the RMS value and the percent THD of the output voltage versus three different loads. According to
Figure 6, when the linear load at 8.5 kW is applied on the system, the controller achieves 0.3% THD and when the
nonlinear load at 10 kVA is applied, the controller achieves 3.1% THD. In addition, the RMS voltages are very well
regulated at 220 V for each phase with an excellent transient response for the linear load but a fair response for
the nonlinear load case
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Figure 6: RMS fluctuation of top trace verses bottom trace
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Conclusion:

On the overall study of this paper and related all ref-
erences , this paper shows the analysis and design of
a high performance SPWM controller for three-phase
UPS systems powering highly nonlinear loads in the
system. Although the classical SPWM method is very
successful in controlling the RMS magnitude of the UPS
output voltages, it cannot effectively compensate for
the harmonics and the distortion caused by the nonlin-
ear currents drawn by the rectifier loads in the system.
Therefore, this paper proposes a advanced strategy
with a recent design that overcomes the limitationsof
the classical RMS control in the system. In conclusion,
the final expected results demonstrate that the pro-
posed controller successfully achieves the steady-state
RMS voltage regulation specification as well as the THD
and the dynamic response requirements of major UPS
standard in the system.

References:

[1] Uninterruptible power systems (UPS)—Part 3:
Method of specifying theperformance and test require-
ments, First Edition 1999-03, InternationalStandard IEC
62040-3.

Volume No: 2 (2015), Issue No: 5 (May)

[2] F. Botter’on and H. Pinheiro, “A three-phase UPS
that complies withthe standard IEC 62040-3,” IEEE
Trans. Ind. Electron., vol. 54, no. 4,pp. 2120-2136, Aug.
2007.

[3] S. Jiang, D. Cao, Y. Li, J. Liu, and F. Z. Peng, “Low
THD, fast transient,and cost-effective synchronous-
frame repetitive controller for three-phaseUPS invert-
ers,” IEEE Trans. Power Electron., vol. 27, no. 6, pp.
2294-3005, 2012.

[4] U. Borup, P. N. Enjeti, and F. Blaabjerg, “A new
space-vector-based controlmethod for UPS systems
powering nonlinear and unbalanced loads,”|EEE Trans.
Industry Appl., vol. 37, no. 6, pp. 1864-1870, Nov./
Dec.2001.

[5]Q.-C. Zhong, F. Blaabjerg, J. Guerrero, and T. Hornik,
“Reduction ofvoltage harmonics for parallel-operated
inverters equipped with a robustdroop controller,” in
Proc. IEEE Energy Convers. Congr.Expo.,Phoenix,AZ,

2011, pp. 473-478.

[6] Q.-C. Zhong and Y. Zeng, “Can the output imped-
ance of an inverter bedesigned capacitive?”” in Proc.
37th Annu. IEEE Conf. Ind. Electron., 2011,pp. 1220-
1225.

[7] P.Mattavelli, “Synchronous-frame harmonic control
for high-performanceAC power supplies,” IEEE Trans.
Ind. Appl., vol. 37, no. 3, pp. 864-872,May/Jun. 2001.

[8] N. M. Abdel-Rahim and J. E. Quaicoe, “Analysis and
design of a multiplefeedback loop control strategy for
single-phase voltage-source UPSinverters,” IEEE Trans.
Power Electron., vol. 11, no. 4, pp. 532-541, Jul.1996.

May 2015




<
Ky %
.

20
G4
~
&
=
&
B
-

WogpueN

2,

[9] M. J. Ryan, W. E. Brumsickle, and R. D. Lorenz,
“Control topology optionsfor single-phase UPS invert-
ers,” IEEE Trans. Ind. Appl., vol. 33,n0. 2, pp. 493-501,
Mar./Apr. 1997.

[10] F. Botter’on, H. Pinheiro, H. A. Grundling, and J.
R. P. H. L. Hey, “Digitalvoltage and current controllers
for three-phase PWM inverter for UPSapplications,”
in Proc. 36th Annu. Meeting IEEE Ind. Appl., Chicago,
IL,Sep./Oct. 2001, vol. 4, pp. 2667-2674.

[11] P. C. Loh, M. J. Newman, D. N. Zmood, and D. G.
Holmes, “A comparativeanalysis of multiloop voltage
regulation strategies for single andthree-phase UPS
systems,” IEEE Trans. Power Electron., vol. 18, no. 5,pp.
1176-1185, Sep. 2003.

Volume No: 2 (2015), Issue No: 5 (May)

ISSN No: 2348-4845

International Journal & Magazine of Engineering,
Technology, Management and Research

A Peer Reviewed Open Access International Journal

[12] E. Kim, J. Kwon, J. Park, and B. Kwon, “Practical
control implementationof a three-to single-phase on-
line UPS,” IEEE Trans. Ind. Electron., vol. 55,no0. 8, pp.
2933-2942, Aug. 2008.

[13] BunyaminTamyurek, Member, IEEE, “A High-Per-
formance SPWM Controller forThree- phase UPS Sys-
tems OperatingUnder Highly Nonlinear Loads,” IEEE
Trans. On power electronics,vol. 28, No. 8, pp. 3689-
3701, Aug. 2013.

May 2015




