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Abstract- Buck-boost converters are nonlinear, non-minimum 
phase systems with respect to their output voltage. Conventional 
controllers make use of a one-to-one correspondence between 
the voltage and current equilibriums. They exploit the stable 
zero dynamics of the inductor current to indirectly regulate the 
capacitor voltage. Indirect regulation of voltage is sensitive to 
circuit parameter and load variation. This paper introduees a 
passivity-based direct voltage control of buck-boost converters 
using feed forward eompensators. The simulation results 
demonstrate a stable voltage behavior in the presenee of system 
perturbations and load variations. 

I. INTRODUCTION 

Buck-Boost converters are nonlinear switching systems 

with non-minimum phase output voltage behavior. A number 

of effective non-linear controllers [1] such as sliding mode 

control, passivity based control, feedback linearization 

indirectly control the output voltage by regulating the 

inductor current. Consequently, these controllers make use of 

one-to-one correspondence between the voltage and current 

equilibriums and exploit the property that when the average 

output of the buck-boost converter is the inductor current, the 

system dynamics are stable. This results in large sensitivity of 

the controller to circuit parameter and load variations. As a 

result, adaptive versions of the controllers [1] are 

incorporated to achieve a satisfactory performance, which in 

tum increases the system complexity. 

Direct regulation of voltage in non-minimum phase power 

converters is challenging, as the zero dynamics of the output 

voltage are unstable. Energy shaping approaches [3]-[5] have 

also been introduced to address this problem of resolving the 

non-minimum phase behavior of the system. In these 

techniques the energy of the system has been modeled by 

Hamiltonian [3] and Bray ton- Moser (BM) [4] equations. 

They constitute the total energy in the system from the 

internal and external interconnections, and from the damping 

associated with the system. In Hamiltonian technique, a 

closed-loop energy function, the aggregate of the system, and 

controller energies is considered. By proper choice of 

nonlinear control action and damping injected into the 

inductor current, [3] achieves the voltage regulation by 

driving the closed-loop energy function to a minimum. This 

technique uses a state-modulated feedback and a non

quadratic Lyapunov energy function to resolve the non

minimum phase voltage control. In BM, a closed-loop error 

dynamic function is considered instead of a closed-loop 

energy function, and the control task is accomplished by 

injecting damping into the capacitor voltage. 

The principal investigation in [3] and [4] focuses on 

characterizing the energy of the system based on the physical 

structure and makes use of error dynamic and energy 

dynamic description to draw conclusions about the degree of 

passivity i.e. damping in the system. As a result, the system 

description is complex and the control tends to be rather 

involved because of the use of non-linear controllers. 

This paper approaches the problem by characterizing the 

degree of passivity in the system from passivity indices rather 

than from the system's energy function to avoid circuit level 

energy analyses. Hence, a complementary system level 

approach to [3] and [4] is introduced in this paper and a linear 

controller is used to enhance the output voltage profile and 

attain robustness against load variations. 
This method makes use of a parallel interconnection to the 

open-loop system to achieve exponentially stable zero 

dynamics of the output voltage. An excess passive system is 

used to compensate for the shortage of passivity in the buck

boost converter system to reduce non-minimum phase 

behavior. To preserve the nonlinear behavior of the buck

boost converters, a bilinear model of buck-boost converters is 

adopted. 

The noteworthy feature of the proposed approach is that, 

direct voltage regulation of non-minimum phase buck-boost 

converters can be achieved without modeling the complex 

physical structure of the system. In addition, indirect adaptive 

controllers for non-minimum phase buck-boost converters in 

the presence of load variations are also not needed. The 

simple and effective feed-forward excess passivity based 

control addresses the above issues and results in stable 

voltage behavior in the presence of system perturbations and 

load variations. 

The paper provides some background on dissipativity, 

passivity, excess and shortage of passivity in section II. 

Section III characterizes the nonlinear nature of the buck

boost converter and analyzes the zero dynamics of the 

converter in relation to passivity. Section IV introduces the 

compensation approach and analyzes the stability of the 

system. Section V demonstrates the successful voltage control 

using the excessive passive compensation approach. 
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II. PASSIVITY 

A system is passive if its energy storage rate is less than the 

energy supply rate i.e. the system dissipates more energy than 

it stores. As a result, the energy storage function of the 

system is less than the supply rate energy function. Passivity 

also implies stability, i.e. making a system passive is an 

approach to stabilize the unstable zero dynamics of the 

system. Consider a nonlinear system H defined as 

{X= /(x,u) 
H-

- y= h{x,u)' 
(1) 

which is characterized by two different energy functions, 

namely supply rate w(t) and storage function S(x). A 

Lyapunov candidate can be used as Storage Function S(x) 
of the system. Therefore, the system H is said to be 
dissipative [6] if 

or 

'] 

S{x])-S{xJ::; Jw{t)dt 

dS{x{t )) ::; w{t) . 
dt 

(2) 

(3) 

If the supply rate of a dissipative system is given by a bilinear 
relation such as 

w{u{t), y{t)) = uT (t )y{t) , (4) 

then the system is said to be passive [6]. 

The degree of passivity [6]-[8] is an index to measure the 

passivity of a system. The passivity indices indicate either 

excess or shortage of passivity. The following two definitions 

[7] can be given with regard to excess and shortage of 

passivity. 

Definition 1: Output Feedback Passive (OFP) - System H 

is said to be OFP, if it is dissipative with respect to supply 

rate w{u,y) = uT Y - pyT y, for some p E 91. Where p is the 

largest gain that can be placed in positive feedback with a 

system, such that the interconnected system is passive, as 

shown in Figure 1. 

Definition 2: Input Feedforward Passive (IFP) - System H 

is said to be IFP, if it is dissipative with respect to supply 

ratew{u,y) =uTy-vuTu ,  for somevE91. Where vis the 

largest gain that can be put in negative parallel 

interconnection with a system, such that the interconnected 

system is passive, as shown in Figure 2. 

The indices p and v indicate the level of passivity in the 

system. A passive system has both the indices p and v 

positive or zero. A system, which is not passive, has one of 

the indices positive and the other negative. Positive values 

indicate that the system has an excess of passivity and 

negative val ues indicate shortage of passivity in the system. 

A system which is not passive can be made passive by 

either feedback passivation or by feed forward passivation [7]. 

An unstable system has shortage of OFP and is characterized 

by OFP (- p). This system can be made passive by negative 

feedback, only if the system is mInimum phase and has 

relative degree less than or equal to one. 

A non-minimum phase system has a shortage of IFP and is 

characterized by IFP (-v) . This system can be made passive 

by positive feedforward only if the system is stable. A system 

which is unstable and non-minimum phase cannot be made 

passive with any combination of feedback and feedforward 

gains [7]. 

The technique of feedback passivation [6] is quite popular 

and makes use of feedback to render a system passive. 

However, the relative degree and zero-dynamics of a system 

are invariant under feedback, and a system whose zero 

dynamics with respect to the output are not minimum phase, 

cannot be made passive via feedback. Buck-boost converter 

falls under the category of systems whose relative degrees is 

one and has unstable output voltage zero dynamics. 

Therefore, direct voltage regulation of non-minimum buck

boost converter can be made possible only by feed forward 

passivation [7]. 

+ 

Fig. I. Output feedback passivity 

Q{ll <L 
Fig. 2, Input feed-forward passivity 

In the next section, the degree of passivity of buck-boost 

converter is determined and it is shown that buck-boost 

converter is IFP (-v) . 

V out 

Fig. 3, Buck-Boost Converter Circuit 

III. BILINEAR MODEL OF BUCK-BoOST CONVERTER 

A bilinear system is a close approximation of nonlinear 

behavior for a class of nonlinear systems [9], [lO]. They 

demonstrate linear behavior of their states and their controls 

separately, but are nonlinear when analyzed together [11]. A 

general structure of bilinear systems is given by the following 

equation [11]: 

x = A{t)x + B{t)u + N{t)xu 
y = C{t)x 

(5) 

where A, B, and C are time-varying system matrices, and N is 
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the bilinear matrix that relates the states and the control 

command. State space averaged model [12] of a buck-Boost 
converter (shown in Figure 3) is obtained as 

di V. V 
- = -.!.!1.. u + {I - u)� 
dl L L 
d V . 
� = - out _ (I - u )!... 
dt RC C 

(6) 

where u is the duty cycle which resides in the set of [0 1],1 is 

the inductor current, VOIll is the output voltage, R is the load 

resistance, C is the output capacitor, and Vin is the input 
source voltage. Considering the inductor current as the state 

Xl and the output capacitor voltage as state x2' the bilinear 

model of a buck-boost converter can be represented as 

. 
[ � ] [

V
in _�] x= L + L L U XI x2 XI , - - - - -

C RC C 
y=X2 

(7) 

where X = [XI x2] is the vector of state variables, and x2 is 

negative as the system is an inverting circuit. 

Considering a general form of nonlinear system [13] as 

x = j{x)+ g{x)u 
y = h{x) 

the functions j{x), g{x), and h{x) can be represented as 

[ 
X2 ] 

[�n 
X2 � 

j{x) = L , g{x)= L L 
XI X2 XI . 

- -- -- -
C RC C 

h{x) = x2 
The relative degree of a nonlinear system r is defined as 

k () {o k<r-l 
LgLf h X = .... ° 

.,.. ; k=r-l' 
which for the buck-boost converter r = 1 as 

r�n 
X2
1 L h{x) = ah{x) g{x) = [0 1] i-I =.::l*o. 

g ax XI C 
C 

(8) 

(9) 

(10 ) 

(11 ) 

The relative degree one for a second order system 
determines the existence of a zero dynamic. Therefore, a 

normal form of the system can be found such that the 
following equations [13] hold: 

(12) 

Imposing negative polarity output voltage x, < 
° 

in (12), 
yields a positive =2 > 0. The inverse transformation exists and 
can be obtained as 

lXI = 2C( Z2 + ZI Vin -�J 
l L 2L . 

X2 = ZI 

(l3) 

The system in the new coordinates (zj, =2) is represented by 

(14) 

Y=ZI 
The zero dynamics of the system are obtained by making 

the output y = zi = 
° 

as 

14 
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Fig. 4. Phase plane of non-minimum phase output voltage zero dynamics 

Figure 4 illustrates the phase plane of zero dynamics of the 

output voltage. As the phase plane demonstrates, the zero 

dynamic exhibits an unstable behavior. 

IV. EXPONENTIAL STABIUTY AND PASSIVENESS 

A system is exponentially stable [14] if there exists two 

strictly positive numbers a and A such that, 

'11>0, Ilx{/�I::;allx{O�le-At. (16) 
Therefore, to demonstrate the exponential stability of the 

output voltage, characteristic equation of the buck-boost 

converter is used. When the switch Q in Figure 3 is on or off, 
the output voltage X2 is in charging or discharging mode of 

operation respectively. In either case, a general form of this 

state variable can be expressed as 

x2 = Ae AI , (17) 
where A is a positive coefficient and A, is the time constant of 

the circuit defined as: 

,1 =_1_ . 
2RC 

In a switching RLC circuit, X2 can be expressed as 

x2 = AleAlI + A2eA21 , 
where A, ,A, are the circuit time constants (damping) as 

(18) 

(19) 
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-1 
( 2�CY � = 2RC- LC (20) 

-1 
( 2�CY A.z 

= 2RC + LC 
In a physically realizable circuit, all constants �, ,1,2 have 

negative real values since RC > 0 � Re(,1,i ) < O. Hence, the 

state x2 of the buck-boost system, which is the output 

voltage, converges to the origin exponentially. Thus, buck

boost converter is exponentially stable. 

Consider the buck-boost converter system in its original 
representation (7) with a positive definite storage 

function S(x) = 2. Lx� + 2.Cx� and the following supply rate 2 2 
w(t) = uT y-pyT y-vuT U (21) 

and 

(22) 

It can be observed that p = � is positive and Ivl > XI is R 
negative, indicating a shortage of IFP (-v) and an excess of 

OFP (p) in the output voltage of buck-boost converter. From 

the results of definitions 1 and 2, and since the buck-boost 

converter is IFP (-v) and stable from (17)-(20), it can be 

concluded that the converter with the output capacitor voltage 

can be made passive by feed forward passivation. Dynamic 

feedforward compensation is used to passivate the buck-boost 

converter instead of static gain compensation. The next 

section illustrates the design procedure. 

V. PROPOSED APPROACH 

Dynamic feedforward passivation makes the open-loop 

buck-boost converter passive. As a result, it will be shown 

that the zero dynamics of the augmented system can be made 

exponentially stable with the proper choice of the 

compensator parameters. Then the control can be achieved by 

the use of a proportional gain as shown in Figure 5. 
A first order shunt system is used as the linear parallel 

compensator for feed forward passivation given by 

=; =!Iz;+k;u (23) 
y; ==; 

where 

a{z z)= __ I_z - � 2C(Z + �n Z -!LJ 
I' 2 RC 1 C 2 L 1 2L 

z z -- z +----b{ )- 1 2C( �nz, Z,2 J 
I' 2 C 2 L 2L 

(z Z) = �nZ, - Z� + � 2C( z + �nZ, -�J q I' 2 RLC LC l 2 L 2L 

(25) 

Then, the augmented system i.e. the parallel compensator 

in shunt with the buck-boost converter is represented as, 

[: ] = [!z �Z)] + [bob(Z )]u �! J;-f bf , (26) 

where, 

= = [=, =,], 
!,(z)=[a(z) q(=) r. 

bo =[1 0]' 
The coordinate transformation is obtained from: 

where 

[ ]T' 
'7a = '7al '7a2 

and =01, '701, '702 given as: 

zal = YI + y; = =1 + z; 
'7al = zl --I-b(z,t)z; k; 
'7a2 =z2 

(27) 

(28) 

(29) 

(30) 

The normal form of the augmented system is obtained from 

=a� = ial = a(z)+ J;zf + (b(z,t) +  kf� 

. _
[
"OI ]

_ [a(Z)-�b(z,t)J;Zf __ 1 b(Z,t)=f ] '70 -. - kf kf . (31) 
'7a2 q(z) 

y= zal 
From (31) it is observed that the relative degree of the 

augmented system is preserved. The zero dynamics of the 

augmented system are obtained by zeroing out the 

output y = =al = zl + =; = O. Then the zero dynamics "a of 

the augmented system are 

. = fO )= ["01] = [a(=)-2[b(=,t)+ J;b(=, t)]� '7a 1jI� , '7a . kf . 
'702 q(z) 

(32) 

The zero dynamics of the augmented system (32) are 

exponentially stable [14] if there exists a positive definite 

function Va ('7 a) such that the time derivative of 
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Va (17 a) satisfies the following conditions 

where 

a, IIz l1
2 :0;; Va Cz,t) :o;; a2 11z11

2 

Va :0;; -a3 11z11
2 

lIa;o 11:0;; a4 11z l1 

* 

170, = z, 

(33) 

(3S) 

The non-linear system (23) has a unique solution if and 

only if the system functions satisfy the Lipschitz condition 

[IS]. 

A feedforward passivation technique makes the buck-boost 

converter system passive. It can be inferred that the Lyapunov 

candidate of the open-loop system contains an energy level 

less than the maximum energy stored in the augmented 

system. Therefore, by evaluating the Lipschitz continuity 

equations and solving (3 4), the following relation for the gain 

constraints of the parallel compensator are obtained such that 

the open-loop augmented system is passive: 

k > V;n (V;nR fc + RFc + IJ + 1. (36) 
f L l L V2 

Theorem (7): If two systems HI and H2 are passive, then 

their parallel and feedback interconnections are also passive. 

We can infer that the closed-loop system is passive, where 

H2 is the positive gain, which guarantees the closed-loop 

stability of the system [6]. 

+ 

Parallel 
COIupensator 

,+ Y. 

+ 

Fig 5. Shunt compensated control structure for Buck-Boost converter 

VI. SIMULA nON RESULTS 

The direct control of output voltage is carried out on a 

buck-boost converter with the following parameters: 

R=10 0 n, L=lO J..I. H, C=SO f..IF, Vin=S V with a switching 

frequency of 20 kHz. Figure 6 illustrates the voltage profile 

of the converter as the reference voltage to the controller 

changes fTom 14 to 18 volts when the shunt compensator 

provides excessive passiveness to the system. As the figure 

shows, the output voltage variation do not exhibit any 

undershoot and provides a fast regulation response in the 

output voltage. The shunt compensator's output contribution 

is shown in Figure 7. As the figure shows, the compensator 

provides an output in range of 0.3 m V, to make the zero 

dynamics of the system minimum phase. 
CapaCitor Voltage x2 

2o.-----.-----,-----.------,----� 

10 1------+-----+-----+------+------1 

° 0
�

--�0.
�
02----�0
�
.04-----0

�
.OO�--

�
0.0�8----

�
0.1 

lime(Seconds) 

Fig. 6. Voltage regulation profile in boost operation. 

., 

x 10 

3( 2 ; 
1 

0 
0.02 

Compensator 

( 
"-

0.04 0.06 0.08 0.1 
Time (Seconds) 

Fig. 7. Shunt compensator output to make the system minimum phase. 

Figure 8 shows the control effort u as duty cycle of to the 

buck-boost converter. As the figure show, the duty cycle is 

generated to control the compensated system to follow the 

reference voltage. 

Control Effort 
1 

8 

6 

4 I 

2 

0 
0.02 0.04 0.06 0.08 0.1 

Time(Seconds) 

Fig. 8. Control effort. duty cycle to PWM pulse generator. 

Figure 9 and 10 illustrate the output voltage profile when 

the varies. It can be observed that the system returns very 

quickly to its nominal behavior in the presence of load 
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perturbation. Hence, it can be observed that the output 

voltage variation can be compensated due to load variation. 

Capacitor Voltage x2 ( 30% Perturbation in Load) 
1
5 r::=:;;;:=+==�::;;;��==+===l 

10r------r------r------+------+-----� 

R=100 ohml t R=130 Oh1 
OL-____ -L ______ L--2 __ -L ______ L-____ -" 

o 0.02 0.04 0.06 0.08 0.1 
Time (Seconds) 

Fig. 9. Controlled output voltage profile under 30% load perturbation. 

15 
, ......... , 

r 
10 

o 
o 

Capacitor Voltage X2 (50% Perturbation in Load) 

... 

I R=100 Ohm I t R=150 ohm i 
0.02 0.04 0.06 0.08 0.1 

Fig. 10. Controlled output voltage profile under 50% load perturbation 

VI. CONCLUSION 

Indirect regulation of non-minimum phase output voltage 

is highly dependent on system parameters and load variations. 

The proposed approach makes use of excess passivity 

property to compensate for the shortage of passivity in the 

system output voltage such that the delay in the system is 

overcome and the need for indirect current control is 

eliminated. The compensated system achieved a high profile 

output voltage under command references and load variations 

without the use of additional adaptive controllers. 
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