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Input Power Factor Control of AC-DC Series
Resonant DC Link Converter Using PID Operation

Hasto Soebagia, Masaharu Yoshida, Yoshihiro Murai, Senior Member, IEEE, and Thomas A. Lipo, Fellow, IEEE

Abstract—This paper proposes a method of power factor control
for the three-phase input current of ac-dc series resonant dc link
converter systems. The proposed system has fast response, using
high frequency resonance, soft switching (zero current switching),
and natural commutation of thyristor switches. By implementing
the PID operation strategy for switching control, the system
performs reliable operation in the input power factor control,
and the elimination of higher harmonic components can be
achieved dramatically. The numerical and experimental results
are presented in this paper.

I. INTRODUCTION

ANY types of ac-dc converters are used extensively

for electronics equipment in domestic, office, and fac-
tory automation applications. These ac-dc converters are well
known to obtain adjustable dc voltage from an ac source.

Up to now, the ac-dc converter of the uncontrolled rectifier
and line commutated phase-control have been dominant in
many applications. The inherent drawback of these converters
is that the power factor depends on the firing angle. When the
firing angle increases, the power factor decreases and the line
current contains a lot of harmonics.

These drawbacks have been improved in references [1]-[3].
Manias et al. [1] proposed a simple and novel switch-mode rec-
tifier (SMR) structure that has six force-commutated switches
with bidirectional current flow. Their method [1] makes the
input power factor controllable by utilizing the PWM method.
The method, however, still generates a lot of harmonics
in the input current. Inagaki et al. [2] utilized the PWM
control method for the SMR, based on the idea of coordinate
transformation. In their method, the iron loss in the transformer
may become visible because of high frequency. Wu et al. [3]
manipulated the predicted current control strategy with fixed
switching frequency to the PWM ac-to-dc converter. In those
methods [1]-[3], the switching losses are fairly big because
of the utilization of force commutation switches. Recently, a
high frequency series resonant dc link power converter has
been developed to obtain low switching losses, high power
density, and fast response [4]-[6]. This converter is composed
of a six thyristors bridge and has a simple configuration and
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minimum number of devices, as well as high current and high
voltage margins [7].

This paper proposes a method of the input power factor
control of ac-dc series resonant dc link converter systems, as
shown in Fig. 1. The switching control of the converter is
very important to realize the input power factor control (unity
or other power factor) and the elimination of high harmonic
components [8], [9]. In the converter switching, the PID
operation strategy is employed to make input current in phase
or in desired phase angle with voltage source and to regulate
the output dc current. The proposed converter characteristics
are verified by computer simulation and experimental results.

II. STRATEGY FOR INPUT POWER FACTOR CONTROL

A. AC-DC Series Resonant DC Link Converter

As shown in Fig. 1, the ac-dc series resonant dc link
converter is composed of a six thyristors bridge, input low
pass filter Ly and Cjy, resonant element Lo and Cp, bias
inductance L4, and load R;. The resonant element generates
resonant current pulses i, in which the dc bias current I
is superimposed on the resonant current by large inductance
L. The switching of the thyristor is performed at zero current
instant of resonant current to reduce switching losses. The low
pass filter Ly and Cy are needed to maintain resonant current
and to obtain better sinusoidal waveform of input line current.
The following equations can be derived from Fig. 1:

Vet vyt + Lo 22D 40y 1) = M
vy (t) = La 2D @
coe® = i,(5) - 1t ®
680 _ - vL(t) “

In general, Ly and Cy, are sufﬁciently large to maintain the
current I; and the voltage vy, almost constant. Assume that
two thyristors, T and T, for example, are switched to the
conducting state at t = 0, as shown in Fig. 1. From the steady
state solutions of these differential equations, %,(t) and v¢, (t)
are given as follows:

i5(t) = (Vew/Zo) sinwpt + I4(1 — coswot)
veo(t) = (Va— Vi) -

(5)
Vaw COswot — Zolgsinwgt  (6)
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Fig. 1. Main circuit of series resonant dc link converter.
i
¥Co s
D el
G LAl :
isin Lg T T{ T : :
Vin i Lqg Iy : :
vd H .LE
o, RL: CT: \/?
o - 1t
Ta- Tl; l Tc 5 :
C st
[T Lo
Gate logic
and Gate
driver
, kerp
lin(a,bc) PID
. controller
1
lin(a,b.c) Ly
Vi - .
= Current reference | (‘) I
—— generator +
Fig. 2. Block diagram of control system.
where B. Strategy for Switching Control
1 7 = Lo The high frequency resonant switching system is cited as
wo = T ToCo’ =V, advantages that the input current waveform can be controlled
well. Subsequently, the input power factor can be controlled
Vi = Vg = Vo, = Vi and high harmonic components can be eliminated dramatically.
sw . . . .
Viw The initial \:)oltagc across thyristor switch at the begin- The switching control of this system can be realized by modu-
ning of the current pulses lating the density of current pulses to each phase. Fig. 2 shows
Ve, The initial voltage across $C_0$ at the beginning of the control block diagram of the ac-dc series resonant dc link

the current pulses

After the resonant current pulse reached zero, all of the
thyristors are naturally turned off, and the bias current Iy
begins to charge the resonant capacitor Cj linearly as [vc, =
VCoz — (Id 't)/Co] from (V:i -Vr+ sz) to (Vd -V - sz)
where no loss is assumed, so that the forward bias reaches the
value enough to trigger the next pair of thyristors. When the
forward bias has reached a settled threshold voltage, the next
set of two thyristors are triggered to obtain a new current pulse.

converter using the PID operation strategy. The amplitude of
input reference current i, is decided from the required dc bias
current I and the desired phase angle ¢ as follows: first, /5 is
decided by the required load voltage and load resistance (I] =
V1 /Ry), then the amplitude of ¢}, is defined by energy balance
as I, = V. I3/(3Vin cos ¢) where cos ¢ is a power factor. Fur-
ther, the error signals (igrpip) flow from the PID controlier to
the maximum and minimum selector circuit; then the selected
signals flow to the gate driver to switch the thyristors.
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Fig. 3. PID controller block diagram.

C. PID Operation for Input Current Control

As the error correction method in the control system, the
PID operation is well-known to be simple to operate and
cheap in cost. The PID operated errors (igrpip) are generally
evaluated as in the following equation for phase a, b, and ¢:

dierr
dit

M
®

t
iERPID = Kiferr + k2 /0 lerrdt + K3

. o .
lerr = zin —~ %in

where ki, ko, and k3 are the coefficients of the proportional,
integral and differential operations, respectively.

Fig. 3 shows the PID operation block diagram. The propor-
tional, integral, and differential of (7), as shown in Fig. 3, is
executed by using the operational amplifier. The error current
(i, — i) is processed in proportional, integral and differential
(PID) circuits.

Unlike in the PWM method, the switching for the thyristors
is decided by the maximum and minimum selector circuit
so as to compensate the PID-operated phase error, ie., by
comparing the error values of igrpip Of each phase, the
phase with maximum iggpip value, positive, and the phase
with minimum iggpip value, negative, are selected as the
following upper and lower switching thyristors, respectively.
These igrpip Signals are generated with sampling frequency
as high as switching frequency. In the PID circuit, the balance
of the coefficients (k1, ko, ka) are important; these are adjusted
in accordance with load condition, etc. The adjustment was
carried empirically in our study, though it can be done using
the automatic tuning coefficients method [11].

III. SIMULATION RESULTS

The parameters of the system elements practiced in simula-
tion are as follows: The ac input voltage is 70 [V] in phase,
and the resonant elements and bias inductance are

Co =09 [/J,F]
Ly = 21.4 [pH]
Ly=35.0 [mH]
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Fig. 4. (a) Simulation results of input line current 14, and input phase

voltage vain at expected power factor of unity. (b) Harmonic components
of input line current in (a).

The filter elements are

Lf =5.0 [mH]
Cy = 5.0 [uF].

The load of the system is Ry =
Cp = 125 [uF).

The simulated results of the input power factor control are
depicted in Figs. 4-7. Fig. 4(a) shows the input line current
igin and the input phase voltage v,y waveforms, and (b) the
harmonic components of input current when the power factor
is expected to be unity. Fig. 5 shows i,i, and v,i, waveforms
when the phase angle is 45° leading. Fig. 6 gives the input
current and voltage waveforms when the phase angle is set

20 [Q] in parallel with
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Uain at phase angle 45° leading.

[Al

8 Vain

Lide

Fig. 6. Simulation results of input line current 7,;, and input phase voltage
Ugin Set at phase angle 30° lagging.

30° lagging. Fig. 7 shows the results when the power factor
of —1 (regenerating mode) is desired, where i,;, and v,i,
are the input current and voltage waveforms, respectively. As
shown in the above simulation resuits, the controllable power
factor and the elimination of higher harmonic components for
input line current are attained by utilizing the PID operation
to the system.

When applying the PID operation to both simulation and
experiment, the tuning of the coefficients (k;, k2, k3) should
be balanced. When k3 is given zero (PI circuit), the oscillation
appears in the current waveform because of the resonance of
the filter elements Cy and Ly, It is also clarified that when k;

is assumed large, another kind of oscillation becomes visible
in the current waveform.

IV. EXPERIMENTAL RESULTS

The experiment of the three-phase circuit was executed
with a thyristor switching control, as shown in Fig. 2. The
parameters of the system are the same as in the simulation:
The ac input voltage is 70 [V] in phase, and the resonant

Simulation results of input line current i4;, and input phase voltage
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Fig. 7. Simulation results of input line current 74, and input phase voltage
Vqin at the desired power factor of —1,
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Fig. 8. (a) Experimental results of input line current i,;, and input phase
voltage v,in at expected power factor of unity. (b) Harmonic components of
input line current in (a).

elements and bias inductance are

Co = 0.9 [uF]

Lo = 21.4 [pH]

Ly=350 [mH]
The filter elements are

Ly = 5.0 [mH]

Cy = 5.0 [uF).

The load of the system is Ry =
CL = 125 [uF}.

20 [Q] in parallel with
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Fig. 9. Experimental results of input line current 74, and input phase
voltage v,in at phase angle 45° leading.
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Fig. 10. Experimental results of input line current is;, and input phase
voltage v,i, set at phase angle 30° lagging.

In this experiment, the PID operation strategy was im-
plemented to realize the input current controller, i.e., the
controliable power factor. The switching frequency as high
as 20 kHz was utilized in our experiment.

The experimental results of this system are given in
Figs. 8-12. Fig. 8(a) shows the input line current ¢,;,, the
input phase voltage v,i, waveforms, and (b) the harmonics
components of input current when the power factor is expected
to be unity. Fig. 9 shows i,4i, and v,;, waveforms when the
phase angle is 45° leading. Fig. 10 shows the current and the
voltage waveforms when the phase angle is set 30° lagging.
Fig. 11 is the single phase circuit to realize power factor —1
(regenerative), and Fig. 12 shows the resulting waveforms of
fain and V,,. In those experiments, the power factor can be
controlled well in desired value, and the current waveforms
include low harmonic components.

In comparison with the current waveform of the con-
ventional PWM control method {2], the amount of higher
harmonics seems to be small in the experiment. This method
has the features of low EMI (electro magnetic interference)
and low switching losses because of utilizing high frequency
resonant switching.

V. CONCLUSION

The three-phase ac-dc series resonant dc link converter
using the PID operation is proposed to realize the power
converter system with controllable power factor. The method
of input power factor control using PID operation is discussed
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Fig. 11. Single phase circuit for power factor of —1.

Fig. 12. Experimental results of input current z;, and input phase voltage
vy, of single phase circuit at the desired power factor of —1.

in the simulation and verified in the experiment. By utilizing
the PID operation strategy, the input power factor can be
controlled in unity or desired value and the elimination of
higher harmonic components can be attained well.
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