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Abstract—In this paper, an approach to the design of negative
impedance stabilizing controllers for PWM DC/DC converters
that are used in DC switching power supplies with constant
power loads is presented. The control approach is based on the
feedback linearization technique. Because of the negative
impedance destabilizing characteristics of constant power
loads, classical linear control methods have stability
limitations around the operating points. However, the
proposed stabilizing technique improves Jarge-signal stability
and dynamic responses. The proposed controllers are
simulated and their responses under different operations are
studied. Stability of the control technique is also verified using
the second theorem of Lyapunov.
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Lyapunov metheds, negative impedance instability, state space
averaging.

I. INTRODUCTION

The cumrent through a constant power load decreases/
increases when the voltage across it increases/decreases. As
a result, constant power loads have negative impedance
characteristics. This is a destabilizing effect known as
negative impedance instability. The most popular examples
of constant power loads are tightly regulated power
electronic converters and motor drives. In fact, power
electronic loads when tightly regulated tend to behave as
constant power loads [1], [2].

Basic PWM DC/DC converters, such as Buck, Boost,
Buck-Boost, and Cuk converters, with constant power
loads are unstable. This is because the poles of the
small-signal transfer functions have positive real parts [2].
The transfer functions are obtained from the linearized state
space averaged models of the converters [3], [4].

Because of the non-linearity and time-dependency of the
power electronic converters and because of the negative
impedance destabilizing characteristics of constant power
loads, classical linear control methods, which are often
used to design controllers for DC/DC converters, have
stability limitations around the operating points. To
overcome the instability problem, an approach to the design
of stabilizing controllers for PWM DC/DC converters with
constant power loads using sliding-mode control is
presented in [S]. However, the main disadvantage is that the
output voltage is not fixed.
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Small-signal properties of the Buck converter with- a-
constant power load are studied in [6). The line-to-output

~and control-to-output transfer functions are . derived, for

voltage mode control and current mode control techniques.
The results show that the open loop Buck converter with
constant power load is unstable. However, no stabilizing
controller is proposed in [6]. The effects of such loads in an
induction motor based electric propulsion system as well as
a small distribution system consisting of a generation
system, a transmission line, a DC/DC converter load, and a
motor drive load are studied in [7) and [8]. Both systems
are unstable due to the negative impedance characteristics.
[7] and [8] also propose a nonlinear stabilizing control to
manipulate the input impedance of the converter/motor
drive.

In [9] and [10], for driving constant power telecom loads,
which are in parallel with batteries, it has been shown that
the use of rectifiers with constant power output
characteristics results in power supply systems which are
better than those with the constant current output
characteristics. A PID controller is designed and simulated
to stabilize a telecom power supply with constant power
loads and backup batteries in [11].

In this paper, a new negative impedance stabilizing control
technique for switching power supplies with constant
power loads is presented. In Section II, constant power
loads and their characteristics are explained. Negative
impedance destabilizing effects on PWM DC/DC Flyback,
Forward, Double-ended, and Push-pull converters are
introduced in Section III. In addition, these converters are
modeled by the state space averaging method. In Section IV,
negative impedance stabilizing techniques are discussed
and a new approach based on the feedback linearization
theory [12], [13] is presented. The stability of the proposed
controller is verified using the second theorem of Lyapunov
in Section V. Section V also presents the simulation results.
Finally, conclusion remarks are given in Section VI

[L. CONSTANT POWER LOADS AND THEIR
CHARACTERISTICS

An example of constant power loads is a DC/AC inverter
which drives an electric motor and tightly regulates the
speed when the rotating load has one-to-one torque-speed
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characteristics. The simplest form of one-to-one
torque-speed characteristics is a linear relation between
torque and speed. In this system, the controller tightly
regulates the speed; therefore, the speed (@) is almost
constant. Since the rotating load has one-to-one
torque-speed characteristics, for every speed there is one
and only one torque. As a result, for a constant speed (@),
torque (T) -is constant and power, which is the
multiplication of speed and torque, is constant. If we
assume a constant efficiency for the drive system,
considering the constant power of the rotating load, the
input power of the DC/AC inverter will be constant.
Therefore, the DC/AC inverter presents constant power
load characteristics to its power supply.

Another example of constant power loads is a DC/DC
converter which feeds an electric load and tightly regulates
the voltage when the electric load has one-to-one
voltage-current characteristics. The simplest form of these
loads is a resistor, which has a linear relation between
voltage and current.

There is, in fact, a tendency in tightly regulated power
electronic loads to be constant power. In addition, some of
the loads of DC switching power supplies, such as electric
motors, actuators, and power electronic converters, have to
be controlled such that constant output power is maintained
for them. As a result, these loads also present constant
power characteristics to their power supply.

In constant power loads, although the instantaneous value
of impedance is positive; but, the incremental impedance is
always negative. In fact constant power loads have negative
impedance characteristics, which might impact the power
quality and system stability. Fig. 1 depicts the negative
impedance behavior of constant power loads.
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Fig. 1. The negative impedance behavior of constant power loads.

III. SWITCHING POWER SUPPLIES WITH CONSTANT
POWER LOADS

In DC switching power supplies, in order to provide
electrical isolation between the input and output, a
transformer is used in the switching scheme of the DC/DC
converter. Main advantages are ability of achieving very
high switching frequencies, which, in turn, reduces the
weight and volume of the transformer, and added design
flexibility due to the turns ratio of the transformer. Usually,
Flyback, Forward, Double-ended forward, and Push-pull
converters are used in DC switching power supplies. In this

Section, stability of these converters with constant power
loads is studied.

A. Flyback Converter

A PWM DC/DC Flyback converter is shown in Fig. 1. We
assume that the converter is operating with the switching
period T and duty cycle d. In Fig. 2, L, 1s the magnetizing
inductance of the transformer.
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Fig. 2. A PWM DC/DC Flyback converter with constant power load.

During continuous conduction mode of operation, the space
equations when switch Q is ON and diode D is OFF are
given by,

dt —L_ ; 6))

- and when switch Q is OFF and diode D is ON are

represented by,
di
di 1[N,
dad L, N, v))

dv, 1IN, _P
dt C|N, "™

o

Using the state space averaging method [3], [4], these sets
of differential equations can be shown by,

dr, 1 N
o —[dv,.,, —TV-:-(I - d)xz]

a L, 3)
& _1 -]Y-'-(l—d)x,—-i
dt C|N, X,

where x; and x, are the moving averages of ir, and v,,
respectively.

Differential equations (3) are nonlinear. For studying the
small-signal stability of the Flyback converter of Fig. 1,
small perturbatlons in the state variables due to small
disturbances in the input voltage and duty cycle are
considered. The stability of this small-signal model can be
determined by obtaining the transfer functions and their
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pole locations [12]-[14]. The small-signal transfer functions
of the system of differential equations (3) are as follows.

,__N_.Xﬁﬂw(mﬂxz) (4)

- 1
Hl(s)'—'x..z(S)= NZ Nz CL,,, 2 sz
dis)y  o__P__ (M) (0-D)
CXZ2 N, CL,
: ﬂD(l—D)
H2(5)=f2(S)= N, CLy 2 5 ©)
va(s) o__P__ (N ) (-D)
CXZ2 N, CL,

The poles of the transfer functions H,(s) and H(s) have

positive real parts. Therefore, the Flyback converter is
unstable as the effect of the constant power load.

B. Forward Converter

A PWM DC/DC Forward converter is shown in Fig. 2. We
assume that the converter is operating with the switching
period T and duty cycle d. L,, is the magnetizing inductance
of the three-winding transformer.
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Fig. 3. APWM DC/DC Forward converter with constant power load.

During continuous conduction mode of operation, the space
equations when switch Q and diode D, are ON and diodes
D; and D; are OFF are given by,

di, 1 [Nz ]
——— = -—vl" - vo
dt  Ly| N, (6)

and when switch Q and diode D, are OFF and diode D, is
ON are represented by,

da L, )
v, 1{. P
— IL -

d C|™ v,

Using the state space averaging method [3], [4], these sets

e

of differential equations can be shown by,

ﬁ:-l— &dv, -x
dt LN "7

dx, 1 P
—— T xl [Ep—
da C X,

where x; and x, are the moving averages of i,y and v,,
respectively. -

@®)

The small-signal transfer functions of the system of
differential equations (8) assuming small perturbations in
the state variables due to small disturbances in the input
voltage and duty cycle are as follows.

M,
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The poles of the transfer functions H,(s) and H,(s) have
positive real parts. Therefore, the Forward converter is
unstable as the effect of the constant power load.

Other PWM DC/DC converters that are used in switching
power supplies, such as Double-ended forward and
Push-pull converters, are also unstable with constant power
loads. Figs. 3 and 4 depict Double-ended forward and
Push-pull converters, respectively. Flyback converter is
usually used up to /50%W. On the other hand, Forward
converter can be used up to 300W. This is mainly because
the magnetizing current resets to zero in each period in a
Forward converter which, in turn, allows a smaller core for
the transformer. Therefore, it can be used at higher power
ratings than Flyback converter. Double-ended forward and
Push-pull converters can be used up to 500 and lkW,
respectively. For power ratings higher than /4W, full-bridge
DC/DC converters are usually used. However, this
converter is also unstable with constant power loads.
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Fig. 4. A PWM DC/DC Double-ended forward converter with constant
power load.
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" Fig. 5. A PWM DC/DC Push-pulf converter with constant power load.

IV. NEGATIVE IMPEDANCE STABILIZING
CONTROLLER

In this Section, we present a negative impedance stabilizing
controller which regulates the output voltage of the DC
switching power supply even with the presence of a
constant power load. However, if the output voltage
regulation is not necessary for the constant power load, a
conventional control technique such as PI or state variable
feedback can be used. Yet, the controller must regulate the
power instead of the voltage. In this case, sliding mode
control theory may be used to achieve better dynamic
performances [15], [16].

A. Feedback Linearization Technique

In this section, we use feedback linearization technique to
stabilize and regulate the output voltage of the DC/DC
converters [12]. As the example, we present this method for
the PWM DC/DC Forward converter of Fig. 3. For.other
converters used in switching power supplies, a similar
approach should be followed. ‘

We look for a nonlinear feedback to cancel out the
nonlinearity in the set of differential equations (8). In (8),
there is no direct relation between the control input and the
nonlinearity; therefore, the following change of variables is
considered.

P
Z, =X =
1 1 X, (11)
Z = xZ - Vo,u_'f.

Where V. is the output reference voltage for the Forward
converter. Using change of variables (11), state equations (8)
can be written as follows.

Mgy
dz‘ NI Zy + Vo',,f_ PZI
- = - + (12)
-dt Ly ) Ly C(zz + Vo,ref.)z
dz, 1 '
2=y
da C

In order to cancel out the nonlinearity in (12), the following
nonlinear feedback is proposed.

N,
22 0 -
il V,,.=kz +hyzy = A +@
Lx 144 242 C(zz*‘Va_,ff,F (13)
vV
W= o.ref.
Ly

Where k;, k;, and P aré the parameters of the controller to
be designed. With the nonlinear feedback, the state
equations of (12) can be shown by,

gi-kz +(k ——1-)2 + 4 (P—IA’)
a L) Cizz+V‘mf.F J 4

dz, 1

a c

If P=P, the system is linear. Other parameters of the
controller, i.e., k; and k, can be designed such that the
resulted system has poles at appropriate places. However,
we do not have any control over the loads, which may, in
fact, change. In deed, P varies according to the load
changes. Therefore, in the next Section, we design the
controller to guarantee the stability of the system in the
presence of load changes.

V. STABILITY ANALY SIS

In order to evaluate the stability of the converter, a
continuously differentiable positive definite function V{(z)
needs to be determined. We define V(z) as follows.

R 1 1
V(z,,z,):EKz,2+EK -Z;—k,)zg (15)
where
K>0 & k,<LL (16)

X

Therefore, V(z) is a positive definite function. The
derivative of V(z) is given by,

. 2 .
V(z,,2,) = Kkz} + K 4 (P—P) an
Clz,+V, ..

o,

In order to guarantee the stability of the converter, the
derivative of ¥(z) needs to be negative definite. Therefore,
the parameters of the controller are chosen as follows.

, . 1
k<0, P-P<0, & k<— - (18)
L, :
Considering upper and lower limits of P as well as
variations in the values of the inductor and capacitor of the
converter, control parameters for a robust design are given

by,
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1 (19)

Jmax,

k<0, P>P_, & k<
. L,

Ly mox is the maximum value that Ly can hold. Therefore,

l./(z) is a negative definite function and, consequently, V(z)
is a Lyapunov function. As a result, the closed loop system
is asymptotically stable and the operating point is a stable
equilibrium point.

A negative impedance stabilizing controller based on the
proposed feedback linearization technique and P/ controller
has been designed and simulated for a Forward converter.
The parameters of the converter and designed robust
controller are given in Table 1.

Table 1. PMetem of the Forward converter and stabilizing controller.

Parameter Value
v, 20v
Vort 10v
f 10kHz
C 10mF
Ly ImH
L, 40uH
Prgr. 20W
N/N: 1.0
Ni/Ns 1.5
Pl controller K,=2, K;=180
Feedback -
Linearization k, =-200, k, =950, P=25

In order to study the converter dynamic performances
under load variations, step changes in constant power load
have been investigated. Fig. 6 depicts one of the simulation
results. As is shown in Fig. 6, the system is stable and the
controller performs satisfactory. It must be mentioned that
most of the practical constant power loads at the starting
phase of their operations have positive incremental
impedance characteristics. Therefore, Their power is
increasing until they reach the nominal power. After they
hit the nominal power, the input power will bé constant and
they behave as constant power sinks, which have negative
incremental impedance characteristics. In our simulations,
we have considered linear v-i characteristics for the starting
period of the constant power loads.

t X
o 00 002 003 004 005 0D 007 008 009 O
Tone (Sec.)

Fig. 6. Dynamic response of the designed stabilizing controller for the
PWM DC/DC Forward converter to load step change from /0W to 12W to
I15W1to 20W to SW.

V1. CONCLUSIONS

In this paper, the concept’ of negative impedance
characteristics of constant power loads for DC/DC
converters used in DC switching power supplies was
described. It was shown that constant power loads affect
the stability and dynamics of Flyback and Forward
converters. They even destabilize the supplying systems.
By applying ‘the feedback linearization technique to the
state space averaged models of the converters, negative
impedance stabilizing controllers have been designed.
The responses of the proposed controllers under different
operations and in the presence of significant variations in
load were studied. Large-signal control, simplicity of the
construction, and high reliability were described as the
main advantages.
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