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Abstract — This paper presents the theoretical analysis
concerning the operating stages of the three-phase dc/dc
converter associated with the hybridge rectifier, in order
to obtain its dynamic model. The nonlinear instant model
in state space form is obtained by the definition of a
switching function ¢(z). From this model, an average
nonlinear model is proposed, as well as a linearized
model. The dynamic model, the controller design, and
also experimental results obtained from a prototype of
6KW are presented.

Keywords - Asymmetrical duty cycle, hybridge rectifier,
three-phase dc/dc converter.

NOMENCLATURE
d Effective duty cycle.
D Duty cycle applied by the controller.
C Output filter capacitance.
i Sum of currents through output inductors.
s Switching frequency.
Iy Normalized output current.
ke Controller gain.
L Parallel inductance resulting from output
inductances.
Ly Leakage inductance of phase i.
n Transformer ratio.
0 Quality factor.
q(t) Switching function.
R Resistive load.
Ry Impedance related to duty cycle loss.
rsg Series resistance of the output capacitor.
Ve Voltage across the output capacitor.
WG Angular frequency of the controller pole.
Wy Natural resonant frequency.
w; Zero angular frequency of the controller.
ar, Zero angular frequency of the system.
Vi Input voltage.

[. INTRODUCTION

Nowadays, the main topology used in high power dc/dc
conversion is the ZVS PWM Full Bridge converter [1] [2]. It
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is characterized by four switches operating in high
frequency. Soft commutation can be obtained by using phase
shift modulation or asymmetrical modulation, which
preserves the simplicity and achieves high power density.

However, for higher power levels, the components face
several stresses. As possible solutions, the parallelism of
components or even converters can be applied. The
parallelism of components increases the complexity of the
compromise between the layout circuit and the thermal
design. Besides that, one should consider that the dynamic
and static current sharing problem limits its application. The
parallelism of converters causes redundancy in the control
circuits as well as in the number of power components and
drivers, increasing global cost and size of the equipment.

A prominent alternative was proposed by Ziogas [3]. It
uses a three-phase inverter coupled to a three-phase high
frequency transformer and to a three-phase high frequency
rectifier. The resulting advantages consist in the increase of
the input and output current frequency, by a factor of three
compared to the Full Bridge converter, lower rms current
through power components and reduction of the cores.

Although it presents satisfactory advantages, soft
commutation has not been achieved, which limits the
switching frequency and the power density. Then, the use of
the asymmetrical duty cycle [4] in the three-phase dc/dc
converter was proposed [5], in order to provide the ZVS
commutation of all switches for a wide load range.
Nevertheless, the resulting topology suffers high conduction
losses, since two series diodes conduct the load current.

It was stated in [6] that the use of the three-phase version
of the hybridge rectifier, associated with the three-phase
dc/dc converter employing asymmetrical duty cycle,
improves the efficiency obtained with the same converter
associated with the six-diode rectifier. Within this context,
this paper fulfills the theoretical development of the proposed
converter, focusing on its dynamic behavior.

II. TOPOLOGY DESCRIPTION

The circuit of the three-phase dc/dc converter associated
with the hybridge rectifier is shown in figure 1. According to
the operating stages described in [6], three operational modes
DMIN, DMED and DMAX are possible, in continuous
conduction mode, as shown in figure 2, where /,” is the
normalized output current. It must be mentioned that this
converter must be designed to operate in mode DMIN only,
or mode DMAX only, or modes DMIN and DMED.
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Fig. 1. Three-phase ZVS dc/dc converter.
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Fig. 2. Definition of modes DMIN, DMED and DMAX.

The equivalent circuits of stages 1, 2 and 3 for mode
DMIN are shown in figures 3, 4 and 5, respectively.
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Fig. 3. Equivalent circuit of the first stage in mode DMIN.
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Fig. 5. Equivalent circuit of the third stage in mode DMIN.
70

The equivalent circuits of stages 1, 2 and 3 in mode
DMIN are shown in figures 6, 7 and 8, respectively.
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Fig. 8. Equivalent circuit of the third stage in mode DMED.

The equivalent circuits in stages 1, 2 and 3 in mode
DMAX are shown in figures 9, 10 and 11, respectively.
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Fig. 10. Equivalent circuit of the second stage in mode DMAX.
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Fig. 11. Equivalent circuit of the third stage in mode DMAX.

The simplified equivalent circuits for each stage,
considering unity transformer ratio, are shown in figure 12.
Figures 12 (a), (b) and (c) represent the three operating
stages of the converter for mode DMIN, as DMIN occurs
when duty cycle is less than 0.33 and greater than zero.
Figures 12 (d), (e) and (f) correspond to the operating stages
of the converter for mode DMED, where DMED occurs
when duty cycle is less than 0.66 and greater than 0.33.
Figures 12 (g), (h) and (i) are the three operating stages of
the converter for mode DMAX, where DMAX occurs when
duty cycle is less than unity and greater than 0.66.
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Fig. 12. (a),(b) and (c) equivalent operating stages in mode DMIN,
(d), (e) and (f) equivalent operating stages in mode DMED and
(g), (h) and (i) equivalent operating stages in mode DMAX.

Although they represent different stages in distinct
operational modes, Figures 12 (a), (c) and (g) are the same
because they represent a freewheeling or a transition stage
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where there is no energy transference between source and
load. Figures 12 (b), (f) and (d), (h) are similar because they
represent energy transference or a transition stage where
there is maximum or partial energy transference involving a
single inductor. Figures 12 (e) and (i) are stages where there
is full energy transference involving two output inductors.

III. DYNAMIC ANALYSIS

Firstly, some variables used in this section must be
defined as follows: L=L,/3 is the equivalent output filter
inductance, i; is the sum of the currents through the output
inductances, C is the output filter capacitance, rg; is the
series resistance of the output capacitor, V¢ is the voltage
across capacitor C, R represents the load and V7, is the input
voltage. In addition to this, X is defined as the vector
representing the state variables and X corresponds to the
equilibrium point.

A. Mode DMIN

From the simplified equivalent circuits in figures 12 (a),
(b) and (c), one can obtain the state space equation (1), valid
for each stage in mode DMIN.

1 R, 1R 1
PL} L R+ry L R+r, {il}r 1+34@)

Ve 1 R 11 Ve 60L Vo @)
C R+rg C R+rg
where the switching function ¢(¢) is defined as follows:
o) = { 1, if stage 2 2
0, if stage 1 or 3

The equilibrium points are given by (3), and the
eigenvalues can be real or complex, depending on the
parameters of the circuit.

Pl
X _[3R JVMQ(I) 3

A slight variation in currents and voltages results in a
switching period. From the static gain, defining the average
effective duty cycle d=D.(%) in (4), where R, is related to the
duty cycle loss caused by the series inductance
L~Ls=Las=Lg4 (5), the nonlinear model in the average state
space can be obtained in (6). The nonlinear nature of this
expression is due to dependence of the effective duty cycle
on the inductor current.

d=D,(t)= (Q(t))ﬂ —%@ (f)>n )

R, = fL, (%
1 R-rg 1 R
iL _Z‘R—i-rSE _Z.R+rSE i
{ } 1 R 11 |:VC
E'R+rSE _E.R+I’SE
By equaling its derivative to zero, the equilibrium points
of the nonlinear model are:

12?{ — 1 R (i .Lin (,7)
R+R, R+R,

d
}+ LV, (6)
0
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B. Mode DMED

From the simplified equivalent circuits in figures 12 (d),
(e) and (f), one can obtain the same state space equation
obtained in (1), valid for mode DMED. However, the
switching function ¢(¢) is defined as follows:

()= 1, if stage 1 ®)
7= 0, if stage 2 or 3

The equilibrium points are given by (9), and the
eigenvalues can be real or complex, depending on the
parameters of the circuit.

V. (1+39(0))
6R

V. (1+39(0))
6

Using the average effective duty cycle (4), where R, is
related to the duty cycle loss caused by the series inductance

L~=L;=Ls=Lg4 (10), the nonlinear model in the average state
space can be obtained (11).

R, =3f.L, (10)

1 Rr, 1 R .,
H+ T, an
0

X= )

iL _ _Z.R+I’SE _Z.R+rSE
1 R 1 1 Ve

C R+ry C R+ry,

By equaling its derivative to zero, the equilibrium points
of the nonlinear model are:

Ve

1 R
e el LR (12)
R+R, R+R,
C. Mode DMAX

From the simplified equivalent circuits in figures 12 (g),
(h) and (i), one can obtain the state space equation (13).

1 Rerg 1 R
V| TR TR 4] [49
= +|1.5L |V, (13)
Ve 1R 11T v 0
C R+rg C R+rg
The switching function g(f) is defined as follows:
0, if stage 1
q(t) =11/4, if stage 2 (14)
1, if stage 3

The equilibrium points are given by (15), and the
eigenvalues can be real or complex.

|2 2

Using the average effective duty cycle in (4), where R, is
related to the duty cycle loss caused by the series inductance
L=L;=Lgp=Lg4 (16), the nonlinear model in the average state
space can be obtained in (17).

R, =3fL, (16)

1l Rr, 1 R

B | L Rere L Rerg |[d, N
ve| |1 R 11 ||v

E.R+FSE _E.R+FSE

v (17)

in

o~
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By equaling its derivative to zero, the equilibrium points
of the nonlinear average model can be obtained.

’:{; L}(l—d)lfm (18)
R+R, R+R,
D. Linearization
Defining the equilibrium points /;, V¢ for a given D, V},
and R, and using the Jacobian concept, the linearized average
state space equation can be found as (19).
1 R-rg 1 R

[i] | L R+ry, L R+ry |[4,
= +
el |1 R 11 |y
] C R+ry C R+rg (19)
I/in 2 _dl/[anE Ad
L L (R+rg)(R+ry)
av, | AV
0 0 in Ar
(R+rSE)(R+rSE)

Solving the transference matrix, one can obtain the
complete dynamic transfer functions of the three-phase dc/dc
converter operating in mode DMIN.

L(s) _V, (rg+R)C-s+1 20)
D(s) R den(s)
gt
ié((j)) =D R(RV:: R,) rs,z—;(ss;l ¢
R T
O e

Vo(s) (L—rSE2C)~s+Rd—rSE
—2=-DV, (25)
"(R+R,)(R+ry )den(s)

where:

LC| BE g1 |8 +] ry + R, | B2 41 c+Lls
den(s) = R R R (26)
+R,/R+1

Following the same procedure used in mode DMED, one
can obtain the same previous equations (20) to (26), except
for R, Hence, a unified approach was defined for the
converter operating in modes DMIN and DMED.

f.L, if DMIN
=Ny - 27)
3f.L, it DMED
As the converter presents an improved performance in
modes DMIN and DMED [6], the linearization of DMAX is
not analyzed here. However, for mode DMAX, the same

procedure can be used, but the equations can not be
described in a unified way.

d
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Fig. 15. Duty cycle response in the nonlinear average state space
(voltage: 10V/div; current: 10A/div; time: 500us/div).

The developed linear model is valid only around a small
neighborhood of the equilibrium points, since high order
terms of the Taylor series were disregarded. However, the
obtained model is useful in the design of an adequate
controller.

E. Model Validation

In order to prove the validity of the developed nonlinear
model, some simulation tests were performed, using
V=200V and load step from R=0.6Q2 to R=0.38Q2. Figures
13 and 14 show the dynamic responses obtained from PSpice
and from the nonlinear average model, under the same
conditions and for the same load step, respectively. Figures
15 and 16 establish a comparison between simulation and
experimental results of the dynamic response obtained with a
duty cycle step (0.51 to 0.57), with V;,=300V and R=1Q.
One can see that the obtained responses are almost the same,
validating the accuracy of the developed model.

IV. CONTROLLER DESIGN

As it can be seen, the resulting linearized model is
analogous to the expressions of the Buck converter, as a
similar controller can be used. Figures 17 shows the Bode
diagram of the system, calculated from expressions (28) to
(32), in modes DMIN and DMED, where there is a slight
variation in the curves. Therefore only one controller can be
used to control the system in regions 1 and 2. The parameters
used in the tests are presented in table 1.
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Fig. 14. Load step response in the nonlinear average state space

4 Leegr T opoes o O S00%F  Erep £ ] Shaw

L
7

¢

Fig. 16. Duty cycle response in the nonlinear average state space
(voltage: 10V/div; current: 10A/div; time: 500us/div).

=R 2 (28)
s s
I+——+—
ONORNON
R
kd = I/in (29)
R+R,
1
o, = (30)
re:C
1 R+R
Wy =, [— 4 (€28)
LC R+7g
R+R 1
0= ; — (32)
L+(R+rg)R,C+rg:RC @,
TABLE I
Parameters used in the prototype.
Vin n Py Vo Ly Ly T, Ry C
420V 3.67  6kW 60V 10pH 45uH  21.6us 0.6 1.65mF

In order to maintain the output voltage constant under load
variations, the following controller was designed and

2
( J
a)l

(33)
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where @; is slightly smaller than @, (natural resonant
frequency of the system), @, is the frequency of the zero
generated by rgz, and @g is the pole frequency necessary to
obtain the required crossover frequency (f.<f;/5). Table II
shows the parameters set of the controller. Figures 18 and 19
are the controller response and the open loop response of the
system, respectively.

TABLE II
Controller parameters
S ) @ @ 9 k¢
5kHz  6.7-10°rad/s 31-10°rad/s 1.8-10°rad/s  0.745 1.73
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Fig. 18. Controller response.
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V. EXPERIMENTAL AND SIMULATION RESULTS

Using the experimental prototype developed with the
parameters in table I, some results were obtained in order to
verify the closed loop response of the converter.

Figures 20 and 21 represent simulation results obtained
from the closed loop controller developed above, associated
with the nonlinear average model of the converter. As it can
be seen, an optimum voltage regulation is obtained from a
50% load step ([=3x20A to [,=3x10A). Figure 22
corresponds to simulation results obtained from an input
voltage step (V;,=400V to V;,=421V). It can be seen that a
satisfactory voltage regulation is verified. Since the input
voltage transients are not so abrupt in practice, the controller
is supposed to present adequate response.

40
IL1
0
2.5 3 3.5
40
IL1
20
g.s 6 6.5
t(ms)

Fig. 20. Load step response of the closed loop system
obtained by simulation of the nonlinear average model
(current through inductor L;).
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Fig. 21. Load step response of the closed loop system obtained by
simulation of the nonlinear average model (output voltage).
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Fig. 22. Input voltage step response of the closed loop system
obtained by simulation of the nonlinear average model (output
voltage and current through 7;,).
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Figure 23 shows experimental results on the dynamic
behavior of the output inductor current during a load step
near to rated condition (¥,=60V and [;=3x20A to /,=3x30A).
The dynamic response is satisfactory, since current overshoot
is low and the transient time is short, implying reduced
stresses in semiconductors during large transients.

VI. CONCLUSION

This paper has presented a dynamic analysis of the three-
phase dc/dc converter with asymmetrical duty cycle. As
expected, the obtained dynamic model is equivalent to the
Buck converter model, although it includes some real
characteristics such as the presence of leakage inductances
and the use of three output inductors.

The developed model was studied by simulation and step
response under load variations. A linearized model was
obtained, so that a conventional controller can be
implemented.

Using a prototype of 6kW, experimental closed loop
responses were obtained. The results have shown satisfactory
agreement with the mathematical model, validating the
adopted design procedure.
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Fig. 23. Closed loop system response
(Current through inductor L; — 10A/div; 10ms/div,
Output Voltage — 20V/div; 10ms/div).

The proposed method can be easily extended to the study
of the dynamic behavior of the three-phase dc/dc converter
associated with other rectifier topologies [5] [7].
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