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Direct Power Control of PWM Converter
Without Power-Source Voltage Sensors

Toshihiko Noguchi, Member, IEEE, Hiroaki Tomiki, Seiji Kondo, Member, IEEE, and Isao Takahashi, Fellow, IEEE

Abstract— This paper proposes a novel control strategy of a
putewidth modulation (PWM) converter with no power-source
voltage sensors. The strategy has two main features to improve
a total power factor and efficiency, taking harmonic compo-
neats into account without detecting the voltage waveforms.
One feature is a direct instantaneous power control technique
for the converter, which has been developed to control the
instantaneous active and reactive power directly by selecting the
optimum switching state of the converter. The other feature is an
estimation technique of the power-source voltages, which can be
performed by calculating the active and reactive power for each
switching state of the converter from the line currents. A digital-
signal-processor-based experimental system was developed, and
experimental tests were conducted to examine the controllability.
As a result, it was confirmed that the total power factor and
efficiency were more than 97% and 93% over the load power
range from 200 to 1400 W, respectively. These results have proven
the excellent performance of the proposed system.

Index Terms— Direct power control, hysteresis comparator,
instantaneous active power, instantaneous reactive power,
pulsewidth modulation converter, switching table, total power
factor, voltage sensorless operation.

[. INTRODUCTION

S POWER electronic systems are extensively used, not

only in industrial fields, but also in consumer products,
several problems with regard to their diode rectifiers, which
are employed mainly in the dc power supplies, have ansen
in recent years. One of the problems is a low input power
factor, and another problem is caused by harmonics in the input
currents. Therefore, pulsewidth modulation (PWM) converters
are adopted in applications that require less distortion in the
current waveforms for the purpose of observing the strict regu-
lations on electrical harmonics pollution. Since the converters
have abilities to control the currents in sinusoidal waveforms,
the unity power factor operation can be easily performed by
regulating the currents in phase with the power-source voltages
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A conventional control technique for the PWM converter is
based on the input current control, in which the current com-
mands are provided from the detected power-source voltages
[2]. The current controller normally employs a subharmonic
or space vector PWM method, so that the sinusoidal current
waveforms can be obtained for the purpose of improving the
power factor. In general, the converter requires three kinds of
sensors as follows:

1} ac current sensors for input current control (Hall-effect
CT’s);
2) a dc-bus voltage sensor for regulating the de-bus voltage
{an isolation amplifier);
3) ac voltage sensors for obtaining the current phase refer-
ences {transformers or photo couplers).
The first and the second sensors are absolutely indispensable
regarding not only system control, but also system protec-
tion, because overcurrent protection of the input lines and
overvoltage protection in the dc bus are vital issues for the
converter, The third sensors, however, can be omitted {rom
the converter and should be eliminated from the viewpoint
of simple implementation. In the case of a large-capacity
converter, when the converter is installed in the plant, it is
desirable to omit on-site adjustment of the voltage sensors
and several feedback signal lines between the sensors and the
contreiler. Also, elimination of the sensors can contribute to
improving the system reliability against electrical noises to the
lines, accidental cutting of the lines, and so forth.

This paper proposes a novel control technique of the PWM
converter, which makes it possible to achieve the unity power
factor operation by directly controlling its instantaneous active
and reactive power without any voltage sensors, The technique
has two unique features. One is a direct instantaneous power
control technique of the converter, and the other is an estima-
tion technique of the power-source voltage waveforms. The
former is based on relay control of the instantaneous active
and reactive power, and the converter has no current controlier,
although the conventional one has [4]. The relay control can
be performed by selecting an optimum switching state of the
converter, so that the active and reactive power errors can be
restricted in appropriate hysteresis bands, which is possible
by using a switching table and several hysteresis comparators.
The latter is based on a calculation of the voltages for each
switching state of the converter by detecting the line currents,
and the calculation is performed by utilizing the active and
reactive power as intermediate variables. Since this method
deals with instantanecus variables in obtaining the voltages, it
is possible to estimate not only a fundamental component [3],
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Fig. 1. Configuration of direct instantaneous dctive and reactive power
controller for PWM converter.

but also harmonic components of the voltage waveforms. This
feature also contributes to improve the total power factor and
efficiency. In this paper, theoretical analysis and experimental
results of the above system are presented, and feasibility of
the proposed technique is verified.

I1. PRINCIPLES OF DIRECT POWER CONTROL WITHOUT
POWER-SOURCE VOLTAGE SENSORS

A. Direct Power Control of PWM Converter

Fig. 1 shows the configuration of the direct instantanecus
active and reactive power controller for the PWM converter
in which the symbols are as follows:

Uy Uy Ve three-phase power-source voltages;

Ty, T,y e three-phase line currents;

Sq. Sp, 8. switching states of the converter;

Ve de-bus voltage;

I inductance of interconnecting reactors;
R resistance of interconnecting reactors;

' smoothing capacitor across the dc bus;
Ry load resistance.

Hereafter, it is assumed that the value of R is negligibly small
and the switching devices in the converter are functionally
ideal, i.e., they require no lockout function and have no
forward voltage drops.

The controller features relay control of the active and re-
active power by using hysteresis comparators and a switching
table. In this configuration, the dc-bus voltage is regulated
by controlling the active power, and the unity power factor
operation is achieved by conirolling the reactive power to
be zero. As shown in Fig. |, the active power command
p* is provided from a dc-bus voltage control block, while
the reactive power command g* is directly given from the
outside of the controller. Errors between the commands and
the estimated feedback power are input to the hysteresis

Fig. 2.
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comparators and digitized to the signals S, and 5,. Also, the
phase of the power-source veltage vector is converted to the
digitized signal #,,. For this purpose, the stationary coordinates
are divided into 12 sectors, as shown in Fig. 2, and the sectors
can be numerically expressed as

(n- 2% <, <{n-1 m=12--12 (1)
6 ¢

By using several comparators, it is possible to specify the

sector where the voltage vector exists.

The digitized error signals S, and S, and digitized voltage
phase &, are input to the switching table in which every
switching state, S,, Sy, and S, of the converter is stored, as
shown in Table I. By using this switching table, the optimum
switching state of the converter can be selected uniquely in
every specific moment according to the combination of the
digitized input signals. The selection of the optimum switching
state is performed so that the power errors can be restricted
within the hysteresis bands.

B. Power-Source Voltage Estimation
The instantaneous apparent power s can be expressed in
several different manners as
s =ui=p+ jq
. . . 1 .
= Ugie T Uplp + Vete + J'ﬁ[(’”b - '”{:)I"'u,
+ {ve — va )iy + (v — vp)i.] 2

where
v instantaneous power source voltage vector;
1 instantaneous line current vector;
¥ complex conjugate of a vector =,
j imaginary unit.
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It is known that the calculation of the active power p is a
scalar product between the voltages and the currents, whereas
the reactive power ¢ can be calculated by a vector product
between them.

It is naturally possible to estimate the power-source voltages
by simply adding converter output voltages to the voltage
drops in the interconnecting reactors. However, variations of
the neutral point of the converter have to be considered in
calculating the power-source voltages, because the neutral
point potential of the power source is not generally given.
In order to avoid such an intricate procedure for calculation
of the neutral point potential, the proposed method utilizes p
and g information as intermediate variables in estimating the
power-source voltages. Also, the estimated p and g can be
used effectively as power feedback signals in the direct power
controfler described previously. However, (2) requires the
power-source voltage information, which has to be eliminated
to achieve the voltage sensorless operation. Rewriting p and g
with the switching state of the converter, the three-phase line
currents, the dc-bus voltage, and the inductance of the reactors,
estimated values p and ¢ can be derived as
[E L (d;; Iz + %’ib + i.f%—c-‘.':r) + VD(;(Sa‘iu + Syip + Seic)

dt
(3)
1 < fdig di,
7 - . L TR _4(1
i ﬁ{d ( AT )

— VDC[Sa (ib — i)+ Splic — i)+ Sﬁ(ia — tb)] } {4

As can be seen in (3) and (4), the estimating equations have
to be changed according to the switching state of the converter,
and both equations require the parameter L of the reactors. In
a strict sense, the parameter R also has to be considered in
estimating the active power, but it can be practically neglected
because the power dissipated in the resistance is much lower
than the active power associated with the dc bus and the
inductance of the reactors.

Supposing practical data processing of the above equations
by using microprocessors or digital signal processors (DSP’s),
differential operations of the currents are performed on the
basis of calculus of finite differences. Therefore, it is necessary
to suppress steep current ripples due to the converter switching
by employing a relatively large inductance and to calculate the
finite differences of the currents as accurately as possible. In
order to prevent the noises and to improve the accuracy of the
differential operation, the calculation of the finite differences
should be carried out about ten times during the switching
period and should be avoided at the very moment of the
switching.

After estimating & = p + j¢ by (3) and (4), the power
source voltage vector # can be estimated by

v = L,"'} (3)
Uk
where

|z| magnitude of a vector .
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TABLE 11

E1FCTRICAL PARAMETERS OF POwWER CirCUIT

Resistance of reactors R 0.21Q]
Inductance of reactors L 11.5 [mH]
Smoeothing capacitor  C 4700 [1F]
Load resistance R 160 [Q]

Averaged switching frequency  fr, 8 [kHz]

Power source voltage ¥ 200 [V]

Power source frequency [ 50 [Hz]

DC bus voltage command _Fpc' 283 [V]

Generally, the amplitude of the current vector is not zero,
because the dc bus of the converter is loaded by Fp; hence,
(5) can be solved with respect to #. The above equation is
rewritten in concrete forms by using the three phase variables

as follows:

in] 201 12 -1z )0t |
[ '\E[n V32 —\/5/2} Wi o
f}a- — 1 irr "’iﬂ |:}}:| (6b)
g | 2445 lin ta |4

T | AR 0 5

B | =\/3|-1/2 Vv3/2 L} (6¢)
Be | Sl-1/2 V32|

Since the proposed estimation method has been derived
throughout by using instantaneous variables, it is possible to
estimate harmonic components of the power-source voltages,
as well as the fundamental components. This implies that
improvement of the total power factor and efficiency taking
the harmonics into account can be expected by this method.

III. EXPERIMENTAL SYSTEM AND RESULTS

A. Experimental System Configuration

An experimental prototype has been developed to examine
operating characteristics of the proposed technique. The power
circuit of the PWM converter is constituted by an insulated
gate bipolar transistor (IGBT)-based fuli-bridge circuit. the
electrical parameters of which are shown in Table II. Two
Hall-effect CT's and an isolation amplifier are employed to
detect the line currents and the dc-bus voltage, respectively.
Mostly, the control circuits constst of digital hardware, al-
though the hysteresis comparators for relay control of the
power and their peripheral circuits are constituted by analog
hardware, The estimation of the instantaneous power and the
voltages is proceeded by a DSP (TMS320C50-40MHz), and
the estimation program is executed in every 9-us control
period which is regularly initiated by an internal timer of the
DSP. It is essential to make the control period as short as
possible, because the estimating equations have to be changed
every time the switching state of the converter is changed,
as described by (3) and (4). The interface circuits which deal
with detection of the line currents are specially designed to
attain a fast data acquisition corresponding to the control
period of the DSP. For this purpose, high-sampling-rate and
high-resolution analog-to-digital converters (ADC's) (ADS-
231-12bit-1.5MS/s) are employed in the system. The use of
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the DSP and the ADC’s might be an economic drawback, but
their costs can be negligible in larger capacity converters.

B. Experimental Results and Analysis

Several experimental tests were conducted to verify feasibil-
ity of the proposed technique. Fig. 3 shows an experimental
result under the unity power factor operation in the steady

1.00
y 098
o
a
= 0.96
B | | b
2 s ‘ s
£ 094 i
E| E —® Proposed Method
& 092 --=0= Sub-Harmonic PWM Converter

. with Sensors
0.90 I RN N NN B M |
0 200 400 600 800 1000120014001600
Load Power (W)
(a)

1.00 ™

098 --4 I T S _%_
by :
g
5 096 [—
iz
= 094 — &, h ] ' 3
E ; +Proposcd Method

092 |—------—0 Sub-Harmonic PWM Converter

' with Sensors
0.90 i i i i i i i

0 200 400 600 80O 100012001400 1600
Load Power (W)
(b)

Fig. 5. Total power factor and etficiency. (a) Total power factor. (b) Total
efficiency.

Stepped .. k|

T w et dmaran |
: : B /1
vﬂ
140 { V/div)
ﬁa
125 (V/div)
ia
0 (A/div})

.t 2.0 (ms/&iv)

Fig. 6. Waveforms under unity power {actor operation when the fifth har-
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state. Power dissipated in the load resistance was 810 W,
From this figure, it can be scen that the power-source voltage is
successfully estimated and that the line current is in phase with
the actual power-source voltage because the reactive power is
controlled to be zero. The current waveform slightly contains
lower order harmonic distortion, but this is because the feed-
back signals to the power controller are provided intermittently
from the DSP at the interval of the control period, Therefore, it
is considered that the discrete-time-system-based errors have
caused such a distortion in the waveform. As shown in the
oscillogram in the middle of Fig. 3, the estimated active power
indicates almost the same value as the load power, and the
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estimated reactive power is zero on average because of the
unity power factor operation. The fast Fourier transform (FFT)
analysis result shows frequency spectra of the line current, and
the fifth, the seventh, and the eleventh harmonic components
can be identified in the bottom of Fig. 3. The current waveform
distortion brings increase of the lower order harmonics as
described above, but the higher order harmonic components
are barely visible, as shown in the frequency spectra.

Fig. 4 shows a result of a step response against the distur-
bance load power under the unity power factor operation. The
load power was changed stepwise from 750 to 900 W in this
experiment. It can be observed that the estimation of the power
and voltages can be performed and that the unity power factor
operation is successfully achieved, even in this transient state.
From Fig. 4, it can be found that the active power control and
the reactive power control are independent of each other,

Fig. 5 shows several plots of the total power factor and
efficiency of the converter, and the characteristics of the con-
ventional system with a subharmonic PWM current controller
are also shown in the figure for comparison. According to
Fig. 5(a), the maximum power factor of the proposed system
is more than 99% in the heavy-load region, while the power
factor degrades to 97% as the load power decreases to 200 W.
It is considered that the lower harmonics detrimentally affect
the characteristic in the light-load condition. It can be seen
that the proposed method is superior to the conventional one
by approximately 0.5% in the total power factor. On the other
hand, Fig. 5(b) shows the efficiency characteristic of the two
methods. The proposed method demonstrates the maximum
efficiency of 96% and more than 93% even in the light-load
condition. It can be seen that the proposed method is barely
superior to the conventional one in the total efficiency, also.

Fig. 6 shows waveforms in which the fifth harmonic compo-
nent of 10% was intentionally superposed on the power-source
voltage. It is observed that the proposed method can estimate
the distorted voltage waveform accurately. In order to improve
the total power factor, as well as the displacement factor, the
line current should be controiled so that its waveform may be
similar to that of the voltage, as shown in Fig. 6.

The proposed method can control the power factor indi-
rectly by changing the reactive power command. Fig. 7 shows
examples of the operating characteristics under lagging and
leading power factor operations. In these experiments, the
reactive power command has been changed to +500 var or
—500 var, and it is confirmed that the controller can adjust the
current phase indirectly with respect to the voltage through
the reactive power command.

As described in (3)-(5), the proposed method requires
the inductance L value to estimate the active and reactive
power, and the source voltages. Therefore, it is necessary
to examine the influence of the parameter mismatch on the
operating characteristics of the converter. Fig. 8 shows the
experimental results of the unity power factor operation when
+20% parameter mismatch is in the L of the controiler.
According 1o Fig. 8(a), if the value of the controller has
+20% error from the actual one, the parameter mismatch
detrimentally affects the estimated voltage waveform, as well
as the active and reactive power waveforms. However, current
waveform does not have very serious degradation, and the
characteristic of the unity power factor operation still holds
good. To the contrary, if the parameter mismatch of —20%
is in the L, it can be seen from Fig. 8(b) that the mismatch
hardly affects the operating waveforms and the unity power
factor operation. Since the parameter L has a close relation
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to the differential operations of the currents, as described in
(3} and (4), its mismatch mainly affects switching ripples of
the estimated waveforms. Fig. 9 shows the influence of the
inductance mismatch on the power control. This characteristic
has been obtained through computer simulation tests, and
averaged active and reactive power errors are plotted against
the parameter error ratio (I, — [)/L x 100%. If a specific
error ratio is taken up, tor example, £20%, the reactive power
ertor caused by the positive mismatch (L > L) is less than
that of the negative mismatch (L < L), which means that
the positive mismatch has less influence on the power factor
control. Furthermore, even though the active power error is
caused by the inductance mismalch, it can be compensated for
by the de-bus voltage control loop. Therefore, the situation
of the negative mismatch should be avoided in setting the
inductance value of the controller,

IV, CONCLUSION

This paper has described two novel concepts to improve
the total power factor and efficiency of the PWM converter
without power-source, voltage sensors. The first key point of
the method is direct instantaneous active and reactive power
control of the converter, und the second ope is an estimation
technique of the voltages for sensorless operation. The active
and reactive power can be regulated directly by relay control of
the power, which is implemented by using several comparators
and a switching table. In this configuration, the errors between
the power commands and the feedback signals are compared
by the hysteresis elements, and the specific switching state of
the converter is appropriately selected by the switching table,
$0 that the errors can be restricted within the hysteresis bands.

160 e . 160
180 LD ;_——#— Active Power Error | 140 —~
Y —o— Reactive Power Error | 3
g 120 piees N AL E L RET RS EEPRL PP 120 =
e ' =3
B 100 |-\ iod L 100 E
i n
g 80 i A L 80 g
& 60 60 B
:
3 40 oot gt M 0 3
20 20 =
0 =0 0
-50 -40 -30 -20 -10 0 10 20 30 40 50
Parameter Mismaich in Inductance (%)
Fig. 9. Influence of inductance mismatch on power control.

The voltage estimation method is based on an evaluation of the
instantaneous active and reactive power for every switching
state of the converter, which can be used as the feedback
signals to the power controller, This method enables one to
estimate the instantaneous values of the voltages, ie., the
fundamental component and the harmonic components of the
voltages, hence, it is possible to improve the total power
factor and efficiency without any voltage sensors by combining
with the direct power control. The experimenta] resuits of a
prototype have proven that the maximum total power factor
was 99% and the maximum efficiency was 96%. Also, the total
power factor and efficiency were more than 97% and 93%,
even in the light-load condition, respectively. These results
have shown that the proposed technique makes it possible
to control the voltage sensorless PWM converter without
sacrificing the operating performance.
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