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Abstract — This paper proposes an improved modified One
Sampling Ahead Preview controller with repetitive control
action for voltage source PWM inverters. The proposed
method employs a switching frequency greater than the
sampling frequency, therefore it is possible to implement this
technique on a low cost microcontroller while keeping the
advantages of switching at high frequency. This PWM
pattern minimizes the effects of the plant modeling errors
resulting from the simplifications made to obtain the linear
discrete-time plant model. In addition, due to repetitive
control action, this digital control scheme can minimize the
steady-state error and periodic distortions caused by
nonlinear cyclic loads. Plant model and theoretical analysis of
the control scheme are discussed. Simulation and
experimental results are presented to verify the performance
of the proposed approach under different load conditions.

1. INTRODUCTION

In recent years, digital feedback control has been
widely applied to voltage source PWM (pulsewidth
modulated) inverters. Among these control techniques, the
microprocessor-based  deadbeat control scheme s
distinguished by fast response [1], [2]. The PWM signal is
determined at every sampling instant by the
microprocessor, based on output measurements and the
reference signal. This approach can result in a low THD
(total harmonic distortion) sinusoidal output with fast
transient response. However, the detection of both output
voltage and output capacitor current is required at each
sampling instant. Thus, a deadbeat control algorithm using
only a voltage sensor was proposed for PWM inverters,
which may be called one sampling ahead preview (OSAP)
controller [3]. In addition, a repetitive controller [4] was
added to OSAP controller to minimize the steady-state
error and periodic distortions caused by nonlinear cyclic
loads such as rectifiers loads [5], [6]. Nevertheless, these
digital control schemes have the disadvantage that the
maximum available pulsewidth is limited by the
acquisition and computation time of the microprocessor.

To solve this problem, modified PWM patterns [2], [7]
and predictive algorithms [8] have been developed. In [8],
a modified OSAP controller was proposed to increase the
maximum available pulsewidth. In this approach, the
pulsewidth in the k-th sampling interval is computed by
using the output voltage sampled at the previous sampling
instants. Hence, the pulsewidth is determined during the
previous interval in order to extend the pulsewidth to the
entire sampling interval 7. However, this digital control
technique is very sensitive to parameter variations and
plant modeling errors.

This paper proposes an improved modified OSAP
controller for voltage source PWM inverters, which
minimizes the effects of the plant modeling errors resulting
from the simplifications made to obtain a linear discrete-

time plant model. This digital control scheme employs a
switching frequency greater than the sampling frequency,
minimizing the undesirable effects of the plant modeling
errors. In addition, as the sampling frequency is smaller
than the switching frequency, it is possible to implement
this controller on a low speed microcontroller. In addition,
a repetitive action is included to the proposed modified
OSAP controller to minimize periodic errors caused by
nonlinear cyclic loads.

In Section II the plant model of the proposed system is
presented. The modified OSAP controller with repetitive
control action is described in Section III. Section IV
presents simulation results with linear and nonlinear loads.
Section V shows experimental results obtained for linear
and nonlinear loads based on a microcontroller-controlled
system.

II. PLANT MODEL

A typical single-phase PWM inverter is shown in Fig. 1,
where the full-bridge inverter, LC filter, and resistive load
R are considered as the plant to be controlled. A triac
connected in series with a resistive load or a full-bridge
rectifier with capacitive filter and resistive load will be
used to evaluate the performance of the system with
nonlinear loads. The power circuit shown in Fig. 1 is
modeled as a second-order system with the state vector

v.(t) v, ], where v(s) is the output voltage and
v.(t) is the derivative of v.(¢). As a result, the state
equation and the output equation are:

x(1)=Ax()+Bv;, (1)
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Fig. 1 — Voltage source PWM inverter system.

329



A -0

77 =
/ﬂp (n, 1)rn T 2T

:
Fig. 2 — Proposed PWM pattern.

Vs or -V

A

Fig. 2 shows the proposed PWM pattern. As seen in
Fig. 2, the switching devices are turned on and off 7, times
during each sampling interval T so that the inverter voltage
Vvin(f) becomes n, pulses of magnitude +Vj, —Vj, or zero,
and width AT/n,, . As a result, the sampled-data equation

of the system at time ¢=(k+1)7 is:
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Moreover, term e ? can be computed by using an
infinite series (Taylor series), and as AT is smaller in

magnitude than 7 terms of higher than AT? can be
neglected [2]. Thus, from (3), the sampled-data state
representation of the plant can be found as:

I:gll 812 ] |:h| :|
x(k+)= x(k)+ AT (k)
821 8&» h,

y()=[1" 0]x(k)

(4)

where
gij is the corresponding element of G=e*T,
h; is  the corresponding element of
n, AT
1 P
H=—/| Y e BV, .
L

The input-output representation of (4) in the Z-domain is

hy +(h2g12 —h1g22)27I
Z_(gn +g22)+(g11g22 _glngI)Z

»2)= —AT(2) (5)

Thus, the following difference equation can be obtained:
y(k+D)+a,y(k)+a, y(k—1)=bu(k)+byu(k—1) (6)
where the input variable and parameters are

AT(k)V
T 5 by=h TV
a;=—(g11+g2) by =(hy81, =182 )T/Vg
A =811822 812821

u(k)=

(7

II1. MODIFIED OSAP CONTROLLER WITH REPETITIVE
CONTROL ACTION

A. Control Law

From (6), the equation of the OSAP controller [3] is
obtained:

uosap (k)= r(k+l)+ply(k)+l;2y(k_1)_q2”(k—l) (8)
1

where r(k+1) is the reference signal at the next sampling
instant, y(k) and y(k—1) are the output voltage at the present
and the previous sampling instant, and u(k—1) is the value
of the control law at the previous sampling instant. If the
OSAP controller gains p;, p,, g; and ¢, are equal to the
plant parameters a;, a,, b; and b,, respectively, it becomes
a deadbeat control law which forces the output voltage to
be equal to the reference signal at the next sampling
interval. However, if the plant parameters change after the
controller gains in (8) have been determined, then the
deadbeat response is no longer obtained [3].

Moreover, the pulsewidth determination for A-th
sampling interval is started at z = k7 with the sampling of
the output voltage and then after the computation time the
pulsewidth is determined. Consequently, the delay time
caused by the output voltage A/D conversion and control
law computation reduces the maximum available
pulsewidth. To solve this problem, Nishida ¢ Haneyoshi
presented the modified OSAP controller [8].

By using (6) to obtain y(k), and substituting in (8), then
the modified OSAP controller equation [8] becomes:

rk+1)+ By (k=D + Py (k=2)=Qou(k—1)-Qsu(k-2)
0

upiop (k)=
9
where Py, P,, O, O, and Qs are the controller gains, given
by:

P=p;—-a;p,

Py==pa,

0,=¢,

0,=49,-pib,

O3=—-pib,

(10)

or

B z_(glzl +811822 1812821 +g222)
P =—(g11g12g21—g121g22 +81282182 _gng%z)
O, =h T/VB
O, =gy +h g2 )T/V

Os :(_hl (811822 +g§2)+h2 (gnglz +t81282 ))T/VB
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Fig. 3 — Block diagram of the control system, using the modified OSAP
controller with repetitive control action.
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Equation (9) shows that the required signals for the
determination of the control law wuypp(k) are the output
voltage at the previous sampling instants (y(k—1) and
y(k=2)), the values of the control law at the previous
sampling instants (u(k—1) and u(k-2)), and the reference
signal at the next sampling instant (r(k+1)). Hence the
pulsewidth determination can be completed during the
previous interval, and the pulsewidth can be extended to
the theoretically maximum limit, that is, the sampling
interval 7.

In addition, a repetitive controller is added to modified
OSAP controller, as shown in Fig. 3, to minimize the
steady-state error and distortions caused by periodic
disturbances, such as nonlinear loads.

In a similar way to that presented in [5], the repetitive
control law can be written as:

=

ugp(k)=cie(k+N—-n)+c, » e(k+N—in)
i=1

(12)

where e(k) is the tracking error, ¢; and ¢, are the gains of
the repetitive controller, N is the time advance step size
and »n is the number of samples in a period of reference
voltage. The repetitive controller gains are designed to
guarantee a good steady-state response for any resistive
load and fast convergence of the output error for nonlinear
cyclic loads.
Then, the control law u(k) becomes:

u(k)=uyop (k)+ugp (k) (13)

B. Stability Analysis
Taking the Z-transformation of (6) and (9) and
eliminating u,,op(z) results:
(biz+by)2°r(2)
(2° +ay2+a,)(0,2° +Q,2+0; )~ (P z+ Py )(byz+b;)

¥(2)=Gyop (2)r(2) (14)

y(2)=

where

(byz+by)z*
(2°+a,2+a,) (0127 +0y2+03)—~(Pz+ Py )(byz+b,)
(15)

Guop(2)=

If the modified OSAP controller gains P, P,, O, O, and
Q; are computed from (11), using the real plant
parameters, then (15) has three poles at zero, and one pole
at the plant zero (—b, /b, ). Thus, (14) becomes

¥@)=r(2) (16)

This equation means that a deadbeat response is
obtained with the control law (9) using exactly tuned
controller gains.

However, in a similar way to OSAP controller, if the
plant parameters change after the controller gains in (9) are
determined for the previous plant constants, then the poles
in (15) shift from the desired values and deadbeat response
is no longer obtained. The trajectories of poles of (15) are
shown in Fig. 4, when the load R changes its magnitude
(maintaining the other parameters constants). Since the
pole zero cancellation is not achieved, and also the poles
move from the origin, the deadbeat response is not
achieved. However, all poles are within a unit circle, so
that stable operation is expected.

With the inclusion of the repetitive control, the transfer
function E(z)/R(z) of the system shown in Fig. 3, after Z-

transformation of (6), (9), (12)—(13), is given by

E(z)_(1=Gyop(2)(1-2z"")
R(z2)  1-z7"H,;0p(2)

(17)

where the Z-transform of the output error is E(z), R(z) is
the transformed reference input, and
Hyop (Z):l_Q1ZN_1(Cl +cy=¢127" )G yop (2) (18)
Assuming that (14) is stable, then the stability of the
system is determined by the repetitive control. From (17),
it is possible to demonstrate that a sufficient condition [5]
for the stability is

|H 1100 (jO)|<1 (19)

where w=2nmf (m=0,1,2,..., n/2).

| L=05mH C=15mF, |~~~
fq=10.8 kHz, 5£ R£ ¥

1 1 1 1 1
Fig. 4 — Trajectories of poles of (15) with R change in z domain.
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IV. SIMULATION RESULTS

Table I gives the parameters of the single-phase PWM
inverter system used in digital computer simulation (with
MATLAB®) to verify the performance of the improved
modified OSAP controller with repetitive control action.

TABLE I - PARAMETERS OF PWM INVERTER.

L =1 mH (Switching frequency = 10.8 kHz)
L = 0.5 mH (Switching frequency = 32.4 kHz)
C =25 uF (Switching frequency = 10.8 kHz)
C =15 uF (Switching frequency = 32.4 kHz)
DC input voltage V=100V

Reference voltage =55 Vrus, f= 60 Hz

Nominal resistive load R=12Q

Filter inductance

Filter capacitance

. R, =25Q
Nonlinear load C, = 330 uF
Sampling frequency s=10.8 kHz
Sampling period T=92.6 us

Initially, the modified OSAP controller with repetitive
control action (c¢; = 0.1 and ¢, = 0.3) was simulated using a
PWM pattern with one pulse centered in the sampling
interval. Fig. 5(a) shows the output voltage v.(¢) and load
current i;(f) waveforms for nominal resistive load (12 Q)
and Fig. 5(b) presents the output voltage v.(f) and load
current 7;(f) waveforms for no-load. Fig. 6 shows the
response of the modified OSAP controller for nominal
resistive load, using a PWM pattern with one pulse in the
beginning of the sampling interval.

Due to simplifications realized to obtain the linear
discrete-time model, it can be observed that the modified
OSAP controller does not present a good performance
using these PWM patterns.
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Fig. 5 — Response of the modified OSAP controller with repetitive control
action for a PWM pattern with one pulse centered in sampling interval.
(a) Nominal resistive load. (b) No-load.
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Fig. 6 — Response of the modified OSAP controller for nominal resistive
load, using a PWM pattern with one pulse in the beginning of the
sampling interval.

However, it was verified that the plant modeling errors
resulting from the simplifications made to obtain the
discrete-time plant model are smaller when the output filter
parameters are decreased, maintaining the same sampling
frequency. Then, to minimize the effects of the plant
modeling errors, the switching frequency was increased
and, consequently, the output filter parameters were
reduced, as shown in Table I. Then, this controller has
been simulated using a PWM pattern with three voltage
pulses in a sampling frequency. With this, the pulsewidth
is updated at each three switching periods. Fig. 7(a)
presents the response of the modified OSAP controller
with repetitive control action, using the proposed PWM
pattern, for nominal resistive load. Fig. 7(b) shows the
output voltage and load current waveforms for no-load.
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Fig. 7 — Output voltage v.(f) and load current i,(f) waveforms for linear
loads, by using the proposed PWM pattern. (a) Nominal resistive load.
(b) No-load.
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Fig. 8(a) shows the response of the improved modified
OSAP controller for nominal resistive load in series with a
triac commuting at 72°252°. Fig. 8(b) presents the
response of the improved modified OSAP controller, with
the inclusion of the repetitive controller, for the same
nonlinear cyclic load. It can be observed that the periodic
errors caused by this nonlinear cyclic load are reduced with
the inclusion of the repetitive controller.

Fig. 9 presents the output voltage v.(f) and load current
if(ty waveforms for the same nonlinear cyclic load
including an unmodeled zero at —80000 rad/s. This
unmodeled stable zero could be physically represented by
an unmodeled equivalent series resistance (ESR) of 0.5 Q
of the filter capacitor. It is observed that the proposed
controller presents a good performance even in the
presence of this unmodeled dynamic.
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Fig. 8 — Output voltage v.(f) and load current i,(f) waveforms for nominal
resistive load in series with a triac commuting at 72°/252°. (a) Without
repetitive controller. (b) With repetitive controller.
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Fig. 9 — Output voltage v.(f) and load current i,(¢) waveforms for
nominal resistive load in series with a triac commuting at 72°/252° with
the inclusion of an unmodeled stable zero at -80000 rad/s.
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Fig. 10 — Output voltage v.(¢) and load current i;(#) waveforms under a
step load change from no-load to full-load.

In Fig. 10 are shown the output voltage v.(f) and load
current i;(f) waveforms under a step load change from no-
load to full-load, demonstrating the good transient
response of the proposed controller for a step load change.

V. EXPERIMENTAL RESULTS

A laboratory prototype of the single-phase PWM
inverter using IGBT’s has been built to verify the
performance of the improved modified OSAP controller
with repetitive control action. The component values of the
inverter system are the same used in simulation (Table I).
It is important consider that the real plant includes some
unmodeled dynamics (ESR’s, dead time, etc.) that can
affect the performance of the controller. In this way, the
plant modeling must be made carefully to obtain a good
performance.

The simplified block diagram of the experimental setup
is shown in Fig. 11. The controller has been implemented
using an 8-bit data word microcontroller (PIC17C756 of
Microchip Technology Inc.). It has an embedded 10 bits
A/D converter and a PWM signal generator that reduce the
PWM inverter control circuitry. The computation time
(output voltage A/D conversion time and control law
computation) spent by the PIC17C756 does not allow to
increase the sampling frequency, however the PWM signal
frequency can be equal to 32.4 kHz with an 8-bit
resolution. The PWM signal frequency could be increased,
but its resolution would decrease and the controller
performance would be affected.

Fig. 12 shows the response of the modified OSAP
controller for nominal load, using a PWM pattern with one
voltage pulse in the beginning of the sampling interval
(sampling frequency equal to switching frequency).

S S3
‘B—I D{ . - N
L in(f) D1 4Ds
+

C == v?) C7 Ry

&D, &D,

T111 kD)
. Microcontroller-based

‘ Drivers controller ‘

Fig. 11 — Simplified block diagram of the experimental setup.
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Fig. 12 — Output voltage=vf(t) (20V/div) waveform f<=)r nominal resistive
load, using the PWM pattern with one pulse in the beginning of the
sampling interval. Time scale: 2 ms/div.

It can be observed in Fig. 12 that the modified OSAP
controller really does not present a good performance
using this PWM pattern.

On the other hand, Fig. 13 shows the output voltage v.(¢)
(THD = 1.52%) and load current #;(f) waveforms for
nominal resistive load, using the improved modified OSAP
controller with repetitive control action. Fig. 14 presents
the output voltage v.(f) (THD = 1.36%) and load current
i7(¢) waveforms for no-load.

To check the response of the proposed control scheme
for nonlinear loads, the resistive load was replaced by a
single-phase rectifier with capacitive filter and resistive
load, as shown in Fig. 11. Fig. 15 shows the output voltage
v(f) (THD = 2.34%) and load current i;(¢) waveforms for a
rectifier-RC load.

)

Fig. 13 .7 Oufpﬁt Vblfagé v.[(t) (2.0V/d.iv) aﬁd loaa cuﬁent iL.(t) (5A/div)
for nominal resistive load, using the proposed PWM pattern.
Time scale: 2 ms/div.

v(t)

Fig. 14 — Oufpuf V.Olté.lgé vc.(t). (20V./diV).and léad cﬁrrenf in(?) (SA/diV) for
no-load, using the proposed PWM pattern. Time scale: 2 ms/div.

Fig. 15 — Output voltage v.(¢) (20V/div) and load current i,(¢) (5A/div) for
rectifier-RC load, using the proposed PWM pattern. Time scale: 2 ms/div.

VI. CONCLUSIONS

This paper presents an improved modified OSAP
controller with repetitive control action for single-phase
PWM inverters. Results show that the proposed control
scheme can minimize periodic distortions caused by
nonlinear cyclic loads. Moreover, the increase of the
switching frequency minimizes the effects of the plant
modeling errors resulting from the simplifications made to
obtain a linear discrete-time plant model. With the
increasing of the switching frequency, the output filter
parameters can be reduced, decreasing the weight and the
volume of the system. In addition, as the sampling
frequency is smaller than the switching frequency, it is
possible to implement this controller on a low speed
microcontroller. Stability analysis accomplished in this
paper demonstrates that the closed-loop system is stable
for any resistive load. Experimental results shows that even
with the limitations of the processing speed and fixed-point
routines, this control algorithm performs well.
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