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ABSTRACT

A system for DC-DC power conversion based on a buck-boost con-
verter topology 1s presented which makes power flow in both di-
rections possible. The possibility of bidirectional power flow is
useful for certain applications, such as uninterruptable power
supplies (UPS) etc. Starting from a structure diagram the trans-
fer function of the system is split up. The controller for the
converter 1s then realized as voltage controller with an inner
loop current controller. The transfer functions of the different
system parts are derived and dimensioning guidelines for the
controller sections are presented. The closed loop control is
treated based on simulation using duty cycle averaging. The
closed-loop behavior of the bidirectional converter with cascade
control is analyzed; bode-diagrams are shown for the system sec-
tions and for the overall system. The design of a controller is
shown for an example. The cascade control leads to a substantial-
ly better control behavior than the single loop control.

1.INTRODUCTION

Unidirectional converters in their basic configuration are char-
acterized by an asymmetrjcal structure regarding their topology
and/or regarding their controllability. Switching instants and
conduction intervals of the diodes on the secondary are - depen-
dent on the converter topology (buck or boost converters etc.) -
determined indirectly by changing the switching status of the
power transistor on the primary.

An intrinsic limitation of this concept is given by the direction
of current and energy flow (first quadrant of the current-voltage
phase plane) which is determined by the direction of the electric
valves. ‘

Bidirectional power flow between constant voltage {(current) sour-
ces requires replacement of the unidirectional power semiconduc-

tor devices by an antiparallel combination of a directly (power
transistor) and an indirectly (diode) controllable electrical
valve. This results in a unidirectionally controllable power

semiconductor. However, this requires fixed voltage polarity,




r

equivalent to restriction to the first and second quadrants of
the current-voltage plane. )

The application of this general concept to a buck-boost converter
structure leads to a topology with a remarkably simple topology.
For further details of the converter structure see (11].

The stationary system condition is characterized by a time con-
stant average energy content of the primary and secondary elec-
trical and magnetic energy storage devices. This equilibrium
between ' energy input and output corresponds to a duty ratio de-
fined only by the voltage ratios (and turns ratios) of primary
and secondary independent of the energy flow direction. This is
shown in [1,2]. Idealized components are assumed and the push-
pull control of transistors T, and T. is applied as indicated in
Fig.l.

Vice versa by giving a duty ratio (for stationary, i.e. equilib-
rium operation) the voltage ratio of the converter can be varied
to a large extent.

Continuous operation is given if the transistor on the primary is
turned on again before is> reaches zero.
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Fig.l Bidirectional converter with push-pull control
(basic structure)

2. MODEL REPRESENTATION OF THE BIDIRECTIONAL CONVERTER

For the derivation of the model equations for the bidirectional
converter compare {1].

Parasitic elements considered are the (ohmic) resistances on the
primary and secondary R,, R> (consisting of the sums of the wind-




ing resistances and the Rpgsen of the semiconductor switches).
The duty ratio shall be defined as
ton
@ = Vo = . (1)
T

Weighed by this duty ratio, the combination of the two sets of
equations for the two switching intervals (to,. and t_oge of Ti) of
the converter yields
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This set of equations is transformed into a linearized system
around the operating point by introducing
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This leads to the following structure diagram (Fig.2).

Fig.2 Structure diagram.of the llnearlzed bidirectional
push-pull converter :

The relationship for the stationary case results from:
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In the operating point (given by Uio,Uco,I10 and ap,) we can cal-
culate from Eq.(5) the transfer function between output voltage

uc and the duty ratio a.

We receive us{8) = Gual(s)-als) ) (9)
8*Bis + Aj32°Bzx - Az2°Bi:

with Guafs) = (10)
s2 - S'(A11+A22) + detA

3. THE BIDIRECTIONAL CONVERTER WITH CASCAD CONTROL

By linearization in the operating point the system of nonlinear
equations (Egs. 2,3) has been transformed into a linear one
(Eq.5). Therefore it has been possible to give a transfer func-
tion of the bidirectional converter (Eq.10). Now it is possible




to use the means of controller dimensioning for linear systems.
One has to keep in mind, however, that the controller based on
the dimensioning really works as designed only- in the chosen
aoperating point.

The research in [2] has shown that the control quality of a sin-
gle loop voltage control cannot meet higher standards. Damping of
the system basically is given by the load. Stability considera-
tions have shown very unfavorable positions of the system poles
and zeros. The controller such dimensioned is only applicable for
a limited operating region.

3.1 Partial transfer functions

Dividing the overall transfer function into two partial transfer
functions (G(s)=Gia(sS)*Gui(s)) makes it possible to design a two
loop control stucture. Thereby Gi.(s) represents the relationship
of the duty ratio and the converter current and G.;(s) gives the
relationship between converter current and output voltage.
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Fig.3 Cascade control structure
From a state vector representation

‘u

X = A- B
c D-u . (11)

y:

X +*
Ox +

we can (according to [4,p.300]1) determine the transfer function
as G(s) = ¢cT-(s*I - A)~*-b + 4 (12)

For the determination of the transfer function G;. (which gives
the relationship between converter current i, and the duty ratio

®, we have ¢*=(0,1) and d=0. This results in

$*B2a +* A>1°Biy - A22°Bia

Gial(s) (13)

$2*B2i + A21°Byi - Aj1°Baa




The relationship between output voltage uc and converter current
i1 18 given by -
§*Baa + A32°Bza - Az5°Bi,
Guil(s) = - . (14)

S°Bza + Az3°Bii - Aji1°Baa

The overall transfer function of the converter system now 1is
split 1into two partial transfer functions. Now one can design a
controller for the current control section and thereby stabilize
the 1inner loop. The transfer function resulting from this now
together with the relationship between converter current and
output voltage Gu.i(s) (Eq.14) represents the section to be con-
trolled for the voltage control. The voltage controller now can
be designed seperately. For the design we can apply now all means
for the control design for linear systems (see, e.g., [4]1). For
the application of cascade control for conventional SMPS there

exist numerous references ( e.g., [5-71).
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Fig.4 Bode diagramsAgpr the partial transfer functions

3.2 Inner Contol Loop - Inner Loop Current Controller

3.2.1 Design of the P (Proportional) Controller

The transfer function of the current control loop results in

B23°8 + A23°Bias - A;1°Baa
Gip(s) = Kp-* (15)
s2 + S'(—All - Azz + Kp‘le) + detA + Kp'bc

with deta = Ai1°Az3 ~- Anjy*Aj-x
ab = A21'B11 - All.B21 (see qulg) (16)
bc = A12’521v‘ Az2°Baa




3.2.2 Design of the PI (Proportional-Integral) Controller

The transfer function of the controller is

Ki-(l+gTy)

Giz(s) = (17)

-

s T+
Therefore we receive for the current control with a PI controller
§2+r, + 8°ro + ri

Gipr(s) = . (18)
Sa'tl + Sz'tz + 8ty + ta

For abbreviation we set r, = Ki*Baji T2
ros = Kx‘(le + Tx'ab)
ras = KI'ab
ty = Tg (19)
tz = Tx*(Kg*Bs, - Ay, - Asz)

t3 = detA'TI + KI'TI.ab + KI‘le
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Fig.5 Bode diagrams for the closed current control loop for
a) P-controller, b) PI-controller

3.3 The Quter Control Loop - the Voltage Control

In a second step now an outer loop voltage control will be
designed. Dependent on the current control realization we receive
different systems to be controlled for the voltage controller.

3.3.1 Controlled System for Voltage Control with Inner Loop P
Current Control Circuit

Bii*S + Aj2°Bzys - A25°Bia
Guf(s) = Kg* (20)

s2 + S'(—All - A22 + Kp'le) + detA + Kp'ab




3.3.2 Controlled System for Voltage Control with Inner Loop PI
Current Control Circuit '

Bz s® + Bxs? + By+s + Bo

Ga(s) = - . (21)
64'84 + 63'53 + 62'32 +61°S + Go
For abbreviation we set 83 = r, B,
B> = r>-Biis + rai-bc
B1 = ra*Bia + rao-bc
Bo = bc-ra
64 = t1°Baa (22)

63 = tz‘le + tl'ab
62 = t3'B21 tz‘&b
61 = t4'821 + t3'ab

+
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Fig.6 Bode diagrams for the open voltage control loop with
a) P-current-controller, b) PI-current-controller
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3.3.3 Voltage Controller
The transfer functions for a
P-controller is Gur(8) = Kpu (23)
. KIu.(1+S.TIu)
and for a PI-controller Gupc(s) = (24)

S°Tza




3.4 Transfer Function for the Overall System

For the overall system the following transfer functions result

3.4.1 P-voltage-controller with P-current-controller

0dy°*8 + 0¢p
G(s) = (25)

S22 + T,°*°S + To

with o0, Keu*Kei*Baia
Kpu.Kpi.bc .
Ta1 = =-Aizi1 ~Azz + Kpie*Bza *+ Kpu*Kesi*Baa (26)

To = detA + Kpi*ab + Kpuw*'Kesi-*bec
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3.4.2 PI-voltage-controller with P-current-controller

62'32 + 61'8 + 60
G(s) = (27)
U383 + U282 + U318 + Yo

with 62 = Kizu*Kri*Bia*Tzu
61 = KIu'KIi'(Bll + Tru'bC)
80 = Kxu-Kzs-bc '
Uz = TIu . (28)
Uz = Tzu*{(-A131 - Azz + Ke*B2ia) + Kru*Kri*Bii*Tru
Uy = Txu'(detA + Kp°ab) + Kzu'KIi'(Bll + Txu'bC)
Ho = KIu'KIi'bc

3.4.3 Pi-voltage~-controller with PI-current-controller

§4 + 03 + QZ'SZ + Ql's + Qo
G(s) = (29)
95'55 + 94'54 + 93'53 + 92.82 + Ql'S + QD

QR

with 04 = TIu'rl'Bll
@3 = Txu'rz'Bll + ry*Big + Txu'rl'bc
Qz = TIu‘rg'Bll + rz'Bll + TIu'rz'bc + rl'bc
$1 = r3*Bia + ra°Biaa + Tru-ra-bc
Qo = r3’bC
fls = ti1°Bz2a (30)

Qq = tz'le + tl'ab + Qq’
93 = t3‘B21 + tz'ab + 63
92 = t4‘B21 + t3'ab + Qz
Q1 = tga-ab + &,

Qo = @o

The controller design was performed with the means of the classi-
cal linear control theory. For the practical design we have to
consider the limitations of the duty ratio and of maximum permis-
sible transformer (converter) current, however. The controller




parameters therefore have to be checked for their validity. This
is possible by using the model according to Egs.(2,3).
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3.5 System step response
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Fig.8 a) Closed loop response for the P-P-structure
b) Closed loop response for the PI-P-structure
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Fig.8 shows the closed loop step responses calculated based on
the nonlinear model (Egq.2,3) for a P-voltage-controller with P-
current-controller (a) and for a PI-voltage-controller with a P-
current-controller (b). With the PI-PI structure the performance
cannot be increased significally.

4. Conclusions

The two loop control structure consists of an inner current con-
trol 1loop and an outer voltage control loop. The research has
shown that this results in a substantially better control behav-
ior because it is possible to stabilize the two loops then very
efficiently.

Starting with the structure diagram and the transfer function
derived in [2] the partial transfer functions are calculated. The
system behavior of the system sections has been analyzed and a
dimensioning of the two controller sections has been performed.
Selected bode diagrams for different controllers are investi-
gated. Finally the controller design has._ been shown for an
example.
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