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Abstract: This research article discusses a Model Predictive Control(MPC) based, digital
control strategy for single-phase Pulse Width Modulated (PWM) voltage source inverters,
used in Uninterrupted Power Supplies (UPS) for single-unit systems. In this research work,
the development of inverter system based on state-space model is first studied and then
MPC technique is implemented as control strategy for single inverter. The experimental
setup includes a single inverter using a switch and a de-bouncing circuit and a DSP Kit.
Experimental results for open-loop and closed-loop single inverter system using a linear
and a dynamic load is presented. The effectiveness of the proposed algorithm for
controlling the system has been examined and the dynamic performance and the robustness
property are demonstrated. The system has been implemented and tested with different
loads. The results show that the inverter performs reasonably well.
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1 Introduction

The PWM inverter is used in a wide variety of industrial applications, such as
power supply; adjustable speed AC servo drives [1] and uninterruptible power
supply (UPS) [2]. In such applications, the basic function of the PWM inverter is
to convert the DC power to AC power. The quality of the output AC power is
highly dependent on the performance of the PWM inverter.

A good AC power supply should have low harmonic output, under disturbances
and uncertainties, good dynamic response to disturbance, and remain stable under
all operating conditions. In recent years, many attempts have been made to
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develop various control schemes for PWM inverters, to meet the above mentioned
requirements. Some of the schemes are Fuzzy adaptive proportional-integral-
derivative (PID) control [3], dead beat control, one sampling ahead preview
control, and sliding mode control [4-5].

Many feedback control techniques may exhibit good dynamic performance but in
this paper a Model Predictive Control (MPC) technique is proposed to control a
single inverter. MPC employs a strategy known as the receding-horizon approach
[6]. Based on the dynamic model of the system, MPC starts predicting the future
control action in such a way that it minimizes a specific objective function over a
prediction horizon. Once MPC completed its prediction process, it implements
optimal control action and at the next sampling interval, the control estimation is
repeated again with the new available information.

2 Low Total Harmonic Distortion Output Voltage
Control & Inverter Current Control

Techniques for producing low Total Harmonic Distortion (THD) in PWM
inverters (single-phase) have discussed in several prior works. In the early days,
the carrier-modulated PWM techniques such as the triangular wave comparison
PWM were very popular [7]. Microcomputer-based techniques using
preprogrammed PWM patterns have also been utilized. In these techniques, the
PWM patterns are generated by computing switching edges that satisfy certain
performance criteria such as controlling the fundamental component and
eliminating specified harmonics [8]. These techniques have drawbacks of slow
voltage regulation response and phase displacement with load varies. More recent
PWM techniques also include time optimal response switching PWM [9].

With the advances in Digital Signal Processing (DSP) Technology, digital
instantaneous real time control of voltage and current for PWM inverters has been
the focus of many research works. Among these are the real-time deadbeat-
controlled PWM and other techniques based on instantaneous feedback controls
[10]. These techniques may achieve very fast response times for load disturbances
when properly designed, but it is also known that these systems have a high THD
for non-linear loads. Techniques based on sliding mode control theory and
intelligent control using fuzzy logic or neural networks have also been attempted.
Like the previously mentioned techniques, these techniques also lack the ability to
completely reject the harmonic disturbances in the output voltage waveforms due
to non-linear loads. Recently, the use of the internal model principle to achieve
very low THD output voltage in single phase PWM inverters has been reported
[11]. The theory is based on the internal model principle proposed by which states
that the asymptotic tracking of controlled variables toward the corresponding
references in the presence of disturbances (zero steady state tracking error) can be
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achieved if the models that generate these references and disturbances are
included in the stable closed-loop systems. In other words, if we include the
frequency modes of the references and the disturbances to be eliminated in the
control loop, then the steady state error will not contain these frequency modes.
Applying the internal model principle into the output voltages control in a three-
phase PWM inverter means that the fundamental frequency mode (50 Hz or 60
Hz) has to be included in the controller since the references vary at this frequency.
Elimination of the voltages errors due to the load currents at other harmonics
frequencies can then be achieved by including the frequency modes of these
harmonics into the controller. The repetitive control guarantees zero steady state
error at all the harmonic frequencies less than half of the sampling period [12].
However, the repetitive control is not easy to stabilize for all unknown load
disturbances and cannot deliver very fast response for fluctuating load [13]. The
latter problem is solved by including a ‘one sampling ahead preview controller”
and the stability result are enhanced by providing adaptive mechanisms for
unknown load disturbances.

3 Model Predictive Control

MPC (Model Predictive Control), as the name suggests it is a controller that
predicts the future value and implements the control action accordingly. The main
task of the MPC is to solve the problem of generating future input values for a
process model. Hence, it is necessary to have a dynamic model of process system
i.e process model [14]. Different parameters (control variables and disturbance
with constraints) from the process model are taken into accounts that are
compulsory requirement for MPC to solve the problem based on the process
model and process measurements as shown in Figure 1. The process through
which MPC predicts the future values is shown in Figure 2. At time K (current
time), MPC takes measurement data from the process model’s output. First
objectives and constraints of desired output, set point and manipulated variable are
defined, than MPC starts predicting the future control action by choosing the
suitable values of control horizon M and prediction horizon P. Once MPC
completes its prediction process, it implements best control action and then move
to next time step i.e K +1, this process repeated up to some define time instants

T.

At previous time pointt, ,, the optimal objective function is calculated and
generates control action, U, which depends on the previous state vector x(k —1)
which will be input vector for the next interval [t, ,,t, ]. At the next time point

t, a new input U, ,for the process model will be calculated from objective
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function that depends upon present state vector X(K), similarly at the next time
point t, ., again a new control action U, will be calculated from updated

objective function and this process repeated over the interval [tk_l,T] to

determine the optimal solution for the process model.
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Figure 1
MPC based process model system
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Figure 2
Model predictive control scheme
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4 Modeling and Controller Design of the System

In this section, first, discrete state space model of single phase inverter is
developed and then on the bases of that model, a Model Predictive Controller is
designed to achieve better closed-loop control of the single phase inverter system.

4.1 Modeling of a Single-phased Inverter

The inverter circuit basically comprises of AC to DC converter and controlled DC
to AC converter systems with an output LC filter as shown in Fig. 3. The
controlled switching sequence of this inverter is changeable up on the requirement
of the user i.e inverter output waveform must be same as desired waveform. The
state variables of Figure 3 single phased PWM controlled inverter are the output

voltage V, and its derivative, i.e

V
x(t)=| ~ (4.1)
V° Inverter
| |AC !
: DC i LC Filter
o I S
User set point PWM i DC ! EI—IL i o
MPC Controller : ii c ZZ]_: A
: AC ;! .| D
A : 1 :_ ___________ _:
Figure 3

Single phased MPC based inverter
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And the system can be modeled using following state-space model:

x(t) = Ax(t)+ Bu(t) (4.2)
y(t) = Cx(t) (4.3)
Where:
[0 1
A= 1 1
. LC L
0
B=| 1
| LC
And
c=[1 0]

Where U is the input voltage, I is the inductor equivalent series resistor, L= 20
pH and C= 1500 p F are the value of Inductance and Capacitance respectively. By

choosing T as sampling time state space model of equation (4.2) and (4.3) will
become desecrated state space model as:

X(KT +T)=RX(KT)+ SAu(kT) (4.4)
y(kT)=CX(kT)=V, (kT) (4.5)
Where
R, S 0
R=[0 0 O
c 0 1

With

ﬁlzeAT
5 _[ e”’d, B
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S0
S=|1
0
And
c= o 0 1]

4.2 Controller Design

Model predictive controller is selected for better controlling of the inverter, it
predicts control signal in such a way, that it minimizes define cost function that is
error signal between the output voltage and desire voltages of the inverter over
specified prediction horizon. MPC starts predicting the future control action by
choosing the suitable values of control horizon M, prediction horizon P and
control-weighting factor r use for unwarranted control activity compensator. Once
MPC completes its prediction process, it implements best control action and then
at the next sampling interval, the control estimation is repeated again with the new
information. As a result, the performance of the system increases.

Thus the objective function for single phase inverter can be formulated as:

2 M 2
E, Zp: % (KT + iT)-V, (kT + kaT# +r) JAu(kT + jT =T (4.6)
j=1 j=1
Subject to the constraint:
AU(KT + jT -T)=0Vj >M 4.7)

And the optimal solution to the optimization problem of the inverter:

Uopi(KT) = KNy o (KT) + K X, (KT) (4.8)

Therefore the control law will be:

Au(kT)= KV, (kT)+ K, )A((kT) (4.9)
A

Where X opt and X are the optimal and estimated state vectors respectively and

K, & K, are the controller gains.
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5 Generation of PWM Signals

The main outputs from the controller are the PWM generation signal and the
direction signal, which are fed into the inverter. Fig. 3 shows the PWM signal
obtained from the PWM inverter. The digital controller used in this experiment
supports a wide operating voltage range of 10 V. The maximum supply voltage
to the controller must not be greater than 10 V. The PWM signals with various
duty cycles according to the different supply voltages between operating range are
described below.

11009

100kE/s £0.00s  5.000/

1 RUN

Figure 3
PWM signal from the amplifier

5.1 PWAM Signals with Various Duty Cycles

The PWM signal is used to encode a specific analog signal level digitally. The
PWM signal is still a digital signal because, at any given instant, the full DC
supply is either fully “ON” or “OFF”. The voltage and current supply to the
analog loads, by means of ON and OFF pulses train. The on-time is the time
during which the DC supply is applied to the load, and the off-time is the period
during which DC supply is switched off. Given a sufficient bandwidth, any analog
value can be encoded with PWM.

Figs. 4, 5 and 6 shows the PWM output when the duty cycle is 25%, 50% and
75% respectively. The command input voltages are as follows: 1.25 V, 2.5 V, and
3.75 V respectively.
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1 100w ZEMS-s —o1.22  Z0.0E- 1 RUN

Figure 4
PWM signal at 25% duty cycle
1 1007 1OME s ¢ 0.00s  S0.08/ f1 RUN

Figure 5
PWM signal at 50% duty cycle

ZEMESS —ES .08 =20 .08~ £1 RUN

Figure 6
PWM signal at 75% duty cycle
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6 Experimental Results for Single Inverter System

The experimental setup has been set as shown in Figure 7. The PWM input to the
inverter is based on a sinusoidal reference voltage of amplitude 0.95 V from the
digital processor. With a DC voltage of 40 V to the inverter, the desired output
voltage of the system should be a sinusoidal waveform of 70 V peak to peak. The
output voltage has been measured after the LC filter under no load and load
conditions. Resistive loads of 100€2 and 200€2 were used in the closed-loop
test.

In the closed-loop system, the output voltage is measured using the voltage sensor
and feedback to the controller for control actions to be taken.

Vde LC filter /_\/

PWM —
MPC > — [
C T Load
0 » Inverter
N DIR
T
R
0
L[« Feed- <
L back
E  le Signal
R

Figure 7

Block diagram of the experimental setup

6.1 Experimental Results of Open-Loop System

Figure 8 shows the experimental result for the open-loop system under no load
condition when the DC voltage supply to the inverter is 40 V. The reference input
voltage is 70 Vpp.
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1 100% 2SMESS s EBE.08 20,087 +1 RUN

Channel 1: Output Voltage = 73.45 Vpp, 25V/div & Channel 2: Output Current = 0, .25A/div

Figure 8
Experimental result: Open-loop system under no load condition

Figure 9 illustrates the output response of the open-loop system under a load of
100€2 and Figure 10 represents the output response of the open-loop system
under a load of 200Q2.

1 S00n 2 1009 —0.00s  5.000 f2 STOP

Wop-p(l)=1.391 v VPR (2 =207 . omY

Channel 1: Output Voltage = 69.55Vpp, 25V/div, Channel 2: Output Current = 0.34775A, .25A/div

Figure 9
Experimental result: open-loop response under 100L resistive load
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1 5000 2 1009

—-5.502 5.00%/ £2 STOP

N :A
Yo-pC2)=125.0mY

P R(D=1.422 v
Channel 1: Output Voltage = 71.1Vpp, 25V/div, Channel 2: Output Current = 0.17775A, .25A/div

Figure 10
Experimental result: open-loop response under 200€2 resistive load

6.2 Experimental Results of Close-Loop System

Figures 11, 12 and 13 describe the closed-loop results of the system under no load,
1002 and 200Q2 load conditions, respectively.

1 5009 2 1009 —0.00s  5.00% £1 STOP

p-pC10=1.391 ¥

Figure 11

VR—p(Z)=6 . 250my

Channel 1: Output Voltage = 69.55 Vpp, 25 V/div, Channel 2: Output Current = 0 (no load)

Experimental result: Closed-loop system response under no load condition
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1 5008 2 100§ —0.005  5.000/ £2_STOP

Wp-p D=1391v Vp—p.C2):284.4m\-’ '
Channel 1: Voltage Output = 69.55 Vpp, 25 V/div, Channel 2: Current Output = .34775 A, .25 A/div

Figure 12
Experimental result: Closed-loop system response for 100€2 load

1 5000 2 100§ ;~0.00s  5.00%/ £1 STOP

PP C1=1.201 v Vo—p (2= 12 1 . omy

Channel 1: Voltage Output = 69.55 Vpp, 25 V/div, Channel 2: Current Output =.173875 A, .25 A/div

Figure 13
Experimental result: Closed-loop system response for 200€2 load

In the closed-loop system with the MPC controller, the output was able to
maintain at the value of 69.55 V peak to peak, even when the load was varied
from zero t0100Q2 and to 200€2. Moreover, the MPC scheme is effective in
improving the robustness of the PWM inverter, suffering from load variations to
generate sinusoidal output voltage.
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6.3 Experimental Results for Traic Load

Figure 14 and 15 shows the results for the closed-loop system with Triac load. In
Figure 15 the transient response is magnified, so that the effectiveness of the
controller can be appreciated more profoundly. This figure illustrates that the
distortions during switching are minor, and the harmonics introduced to the
system are negligible. Good power quality is maintained during the transient. The
MPC controller gives a satisfactory result for the Triac load.

i 5000 2 1000 ——4.40% S5.00%/ £2 STOP

Channel 1: Voltage Output = 70 Vpp, 25 V/div, Channel 2: Current Output, .25 A/div

Figure 14
Experimental result: Closed-loop system response with dynamic load

15000 2 1009 —0.00s  2.00% £2 STOP

Channel 1: Voltage Output = 70 Vpp, 25 V/div, Channel 2: Current Output, .25 A/div

Figure 15
Experimental result: Closed-loop system response with dynamic load (magnified)
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Conclusion

The DSP was successfully programmed to perform real time control of a PWM
inverter to convert DC voltage to AC voltage. It has been demonstrated that the
system performs well with the output voltage, remaining sinusoidal, even with
load variations. The PWM inverter control routine block has been implemented. A
state-space model was developed and a MPC technique has been implemented to
perform closed-loop control of a single inverter to obtain the desired response and
attain a good level of robustness, with respect to load disturbances. Open-loop and
closed-loop control of the system has been implemented and tested with different
loads. The results of the open-loop and closed-loop system, with MPC control
were presented. The results have shown that the inverter performs reasonably
well.
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