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Abstract 
 
In this paper, a controller has been presented by the root locus 
method based on the state space average model of the boost 
switching regulator with all of the converter’s parameters and 
uncertainties. In this model, the load current is unknown and the 
inductor, capacitor, diode and active switch are non ideal and have an 
on-state resistance. Furthermore, an on-state voltage drop has been 
considered for diode and active switch. By neglecting the load 
current and assuming the ideal elements the simplified model of the 
regulator has been caddied out. By these complete and simplified 
models, a step by step method has been proposed to design a single 
input single output (SISO), second order controller based on roots 
locus method. In this regard the controller's electronic circuit has 
been introduced by operational amplifiers. At the end, by simulation 
of the complete closed loop system in MATLAB Simulink 
environment and comparing its results by the results of the regulator 
and controller circuits in PLECS, the accuracy of the designed 
controller performance has been shown. 
 
Keywords: Boost converter, root locus, state space average model. 

 
 

1. INTRODUCTION 
DC-DC power converters are those of the standard components of 

switching power supplies. Many converters have been applied and utilized on 
devices such as personal and portable computers, office equipments, space 
shuttles, satellite communication equipments, and DC motors drivers. The 
input of the converter is an unregulated DC voltage and its output is a 
regulated voltage greater or less than the input with the same or reverse 
polarity [1]. In these converters, the power switching function of power 
electronics related switches (mosfet, bipolar transistor, etc) has been used to 
achieve high efficiency. When these switches are on, their voltage drop is 
zero. On the other hand, their current is negligible when they are off. 
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Therefore, the power losses of these components are always negligible. But, 
because of the non ideal nature of the switches, their on-state resistance, non 
zero sudden current and voltage in switching times, their power losses are 
always visible. This causes the efficiency of these converters to be about 70% 
to 95% in practice [2]. Among all kinds of the DC-DC converters, the boost 
type converter has been used in applications that require more output 
voltage than input. Controlling boost converter is more difficult than other 
types of buck, buck-boost regulators because this converter is non-minimum 
phase and has a right half plan zero. In other words, since the control input 
(duty cycle of pulse command) of this regulator is presented in both current 
and voltage equations the equations related to its state and control are more 
difficult [3]. The structure of DC-DC converters consists of two linear 
(inductor, capacitor, and resistive element) and nonlinear (diode and active 
switches) sections. Also, due to the use of the switching property of the 
power elements, the performance of these converters varies by time. So these 
converters are nonlinear and time varying systems. To design linear 
controllers, we need to obtain their small signal model based on the 
linearization method around a suitable working point [4]. The small signal 
analysis and the DC-DC converters controller design in frequency domain 
have been addressed in [5-6].  

The main step in the precise and non-conservative study of the boost 
converter and its controller design is to have a complete model in which all of 
the system parameters (on state resistance of the diode and active switches, 
the resistance of the capacitor and the inductor and the uncertain load 
current flow) have been considered. The state space average model of the 
regulators comes back to Cuke and Middlebrock in late of 1970s [7]. Basu and 
Thomusco combined the boost converter model to the inductor and capacitor 
parasitic resistance and output current [8-9]. Naim and et.al reckoned only 
capacitor resistance and output current as parameters and designed a robust 
controller for the regulator [10]. He explicitly refers to the complexity of the 
full model and refuses to provide it in a parametric manner. Vorperin has 
provided the linear model of the ideal diode and switch as a pwm switch in 
the case of continuity and discontinuity [11]. He has a brief announcement of 
the effects of incorporated in and off states of the diode and switch on the 
pwm model [12]. In his Ph.D. dissertation, Remero presented the average 
state space model of the boost regulator in the presence of the capacitor and 
inductor resistances [13]. An average model is also introduced to pwm 
switch accompanied by switch and diode resistors and their voltage drops 
across the discontinuity conditions without providing the average state space 
model of the regulator [14]. The complete model of the boost converter has 
been presented in the presence of uncertainties regarding the voltage drop of 
the switching mode, the parasitic resistance of the components and the load 
current in [15]. 
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In this paper, the boost converter model has been first introduced in the 
presence of all the system parameters. Then by eliminating some of the 
converter uncertainties, its transfer functions have been calculated from the 
output voltage to the input voltage and operating cycle. In the third section, 
the general controller structure and controller gain have been presented and 
adjusted respectively based on the roots locus method. The fourth part is 
dedicated to the simulation of the boost regulator closed loop system in the 
presence of all uncertainties and the designed controller. At the end, the 
electronic circuit of the controller has been designed by the operational 
amplifiers. The simulation of the closed loop system in MATLAB and 
simulation of its electronics circuit in PLECS show the similarity of the 
designed controller performance. 

 
2. BOOST CONVERTER STATE EQUATIONS IN THE PRESENCE OF ALL 
UNCERTAINTIES AND SYSTEM INPUTS 

The circuit of boost non-isolated DC-DC converter has been shown in 
Figure 1. mr , dr , Mv and Dv  are the on-state resistances and voltage drops of 

the mosfet and diode respectively. The parasitic resistances of the capacitor 
and inductance have been modelled by cr and lr  respectively. The states of 

the system are the inductor current and capacitor voltage ˆˆ ˆ( [ ] )L Cx i v  and 

the plant has 4 inputs ˆˆ ˆ ˆ ˆ( [ ] )G O M Du v i v v   and 1 output ˆ( )Oy v . The ^ 

symbol represents the small deviations of the states, inputs and output. 
 

 

Figure 1. The circuit of boost non-isolated DC-DC converter. 

 
The state-space average model of the boost non-isolated regulator with 

all the system uncertainties can be shown in the form of Equations (1) 
through (9) [15 ]. 

 
ˆˆ ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ ˆ
ˆˆ ˆ ˆ

L C G O M D
x A x B u E d

x i v u v i v v
y C x D u F d

             
  




     (1) 

Where 
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Where 

c d d c c m mK Rr Rr r r r r Rr          (8) 

And 

     2 2r r R r R r R r r r R r r r D R DL m c c d c d m m c                 (9) 

A simplified state-space model of the DC-DC non-isolated boost 
converter can be derived by neglecting some system uncertainties
( 0)O l c m di r r r r     . 

ˆˆ ˆ ˆ ˆˆ ˆ ˆ ˆ
ˆˆ ˆ ˆ
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
     (10) 
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 

2

0 1

, , 0 1 , 0 , , 0
1

0

G

G

VD

LDL
A B C D E FL

VD

C RC RC D

   
     
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     (11) 

Therefore the transfer functions of the regulator from the output 
voltage to the input voltage and duty cycle can be calculated. The Equation 
(12) and Equation (13) show these transfer functions respectively.  
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     (13) 

3. DESIGNING THE BOOST CONVERTER CONTROLLER BASED ON THE 
ROOT LOCUS METHOD 

The root locus is a graphical method for locating the poles of the closed 
loop system in the desired points based on the locations of the loop transfer 
function poles, zeros and varying its gain. In practice, only by gain regulation, 
it is not possible to achieve suitable locations for dominant poles of the 
closed loop systems (there is a lack of access to optimal performance). In this 
case, we need to compensate the system by moving the poles of the closed 
loop to suitable locations. By adding poles and zeros to the loop transfer 
function, the root locus of the closed loop system has been changed in order 
to achieve the desired performance and stability. In other words, the 
compensator changes the position of the loop transfer function poles and 
zeros so that a dominant pair of roots can be obtained for the close loop 
characteristic equation. 

The root locus of the close loop system makes it possible to reach the 
overall controller structure and fine tuning the controller gain parameter. 
Figure 2 shows the block diagram of the convertor closed loop system with 
the output voltage feedback and ( )K s  controller in the simplified system. 

The B block represents the ratio of the voltage divider. This potentiometer 
has been used for sampling the output voltage. The amount of B  is less than 
1 and is independent of frequency due to its resistance structure. 

 

 

Figure 2. The block diagram of the convertor close loop system with the output 
voltage feedback and ( )K s controller in the simplified system. 
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Assume that the controller in the simplest form is a proportional 

amplifier with the gain ( ) pK s K . The root locus of the converter closed loop 

system with this proportional controller ( )pK  and negative feedback ( 1)B   

from the output Voltage ( )ov  to the duty cycle ( )D  has been shown in Figure 

3 and Figure 4 for two real negative roots and two complex j  left hand side 

roots of the boost converter transfer function respectively. These figures 
reflect that the roots of the closed loop characteristic equation are in the left 
hand side of the j  axis for some of the pK  values and the closed loop 

system can be stable. Therefore, the system seems to be compensated by a 
proportional controller and does not require any other compensation. 

 

 

Figure 3. Root locus of the closed loop system of boost converter with proportional 
controller and two real negative roots. 

 

 

Figure 4.  Root locus of the closed loop system of boost converter with proportional 
controller and two complex j  left hand side roots. 
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But the fact is that under these circumstances, the roots of the closed 

loop characteristic equation are closely related to the values of the open loop 
poles. Accordingly, the locations of the loop poles change the characteristic of 
the closed loop systems. On the other hand, according to the Equation (12) 
and Equation (13) the values of the loop transfer function poles depend on 
the load resistance and the nominal value of the duty cycle which can easily 
be increased and decreased in the circuit. As a result, changing the 
parameters will alter the state of the converter transfer function and 
consequently, the characteristic of the closed loop system. Also, the loop 
transfer function with the pK  controller has no pole in origin. In other 

words, the system type with a proportional controller is zero and the 
permanent state error of the closed loop system, in response to step 
disturbance, cannot be zero. As a consequence, we have considered the 
controller with the transfer function of Equation (14) to achieve the following 
targets. 

 

 
 

( )
k S z

K S
S S p





     (14) 

1. The steady state error of the system, in response to the unit 
disturbance, must be zero. So, the loop transfer function of the system or the 
multiplication of the converter and controller transfer function must be at 
least order 1. On the other hand, the controller must have a pole on the 
origin. 

2. Since the open loop transfer function of the system (Equation (13)) 
has a negative gain; thus, to have a 180 degree for the angle of asymptotic 
branches of the closed loop system; a zero with the value of ( )z  has been 

chosen on the left half plan. The size of this zero must be large (the controller 
zero must be far from the j  axis) so that it can absorb the two main poles of 

the converter (real or complex) toward itself; therefore, the closed loop 
system has not been affected by these two variable poles 

3. A pole in the left half plan with the value of –p has been chosen for 
the controller. This pole must be closer to the j  axis toward the two poles 

of the converter (the roots of the Equation (12) or Equation (13) 
denominators). In other words, the two dominant poles of the closed loop 
system where they go toward the j  axis by increasing the gain, can be 

considered by two controller poles. 
 

4. SELECTING THE CONTROLLER PARAMETERS  
To investigate the performance of the controller, the root locus curves 

of the closed loop system have been drawn based on the position of the right 
half plan zero, the hypothetical position of the two left poles and the transfer 
function with negative gain of converter transfer function in Figures 5 to 
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Figure 14 respectively. The root locus of Figures 5, 10, 11 and 14 are not 
favourable because the two poles of the converter are pulled to the right half 
plan. Since the function of convertor is changed by input, load, and duty cycle, 
the performance of the closed loop system is very sensitive. Henceforth, we 
consider the following steps for choosing controller coefficients until the 
position of the closed loop poles have been influenced by position of the 
controller poles. 

1. The open loop poles of the regulator have been determined by the 
complete boost steady state equations. Then the minimum and maximum 
distance of them have been calculated from the j  axis. 

2. The zero of the controller must absorb the regulator poles. Therefore, 
the parameter of the zero ( )z  has been selected for 10 times larger than the 

maximum distance of step1. 
3. The pole of the controller ( )p  is chosen smaller than the minimum 

distance of step 1 until the performance of the closed loop system does not 
get affected by the converter pole. This pole should not be diminished 
because it will affect the position of the dominant poles of the closed loop 
system and the system settling time has been increased by shrinking their 
distances from the j  axis. 

4. After determining the general structure of the controller, its gain 
parameter can be obtained by plotting the root locus curve of the closed loop 
system in the presence of the controller. The gain parameter has been chosen 
to reach the damping ratio of 0.7  or 5 percent overshoot. 

 

 
Figure 5.  The poles of the converter are real and the poles of the converter are 

between the zero and pole of the controller. 
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Figure 6.  The poles of the converter are real and the controller zero is between the 

converter poles and the controller pole locates after the poles of the converter. 

 
Figure 7.  The poles of the converter are real and the controller pole locates before the 

converter poles and the controller zero is between the converter poles. 

 
Figure 8.  The poles of the converter are real and the controller pole is before the converter 

poles and the controller zero locates after the poles of the converter. 
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Figure 9.  The poles of the converter are complex and the poles of the converter locate 

between the zero and pole of the controller and the controller's pole is closer to the j  axis. 

 
Figure 10.  The poles of the converter are complex and the poles of the converter are 

between the zero and pole of the controller and the controller's zero is closer to the j  axis. 

 
Figure 11.  The poles of the converter are complex and the poles of the converter locate after 

the zero and pole of the controller and the controller's zero is closer to the j  axis. 
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Figure 12.  The poles of the converter are complex and the poles of the converter locate after 

the zero and pole of the controller and the controller's pole is closer to the j  axis. 

 
Figure 13.  The poles of the converter are complex and the poles of the converter locate 

before the zero and pole of the controller and the controller's pole is closer to the j  axis. 

 
Figure 14.  The poles of the converter are complex and the poles of the converter locate 

before the zero and pole of the controller and the controller's zero is closer to the j  axis. 
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5. DESIGHNING THE ELECTRIC CIRCUIT OF DESIGNED CONTROLLER 
The electronic circuit of Figure 15 has been used to implement the 

designed controller. The transfer function of this circuit is: 
 

2

3 1 2 21 2 2

3 2 1 1

1 1

1

(1 )

(1 ) 1

O

i

R
S

RR C R Cv R R C S

v RR C S R C S
S S

R C

 
 

   
  

 
 

     (15) 

The Equation (14) and Equation (15) are equivalent, therefore we must 
have: 

2 2
2 2

1 1
z R C

R C z
        (16) 

1 1
1 1

1 1
p R C

R C p
        (17) 

2 1 2

3 1 3

R R R p
k

RR C R R
       (18) 

By choosing the desired initial values for 1C , 2C and  R, the value of the 

resistances 1R , 2R and 3R  can be obtained by Equations (16), (17) and (18) 

respectively. 
 

6. DESIGN AND IMPLEMENTATION OF THE CONTROLLER FOR AN 
ACTUAL BOOST CONVERTER 

Figure 16 shows a boost converter in continuous current mode that 
converts the 12V car battery voltage, to the 19V voltage of a laptop [10]. The 
specifications of the circuit are 19VOv  , 12 VGv  , 220 FC  , 200 HL  , 

44R   . Diode, mosfet, capacitor and inductor parasitic resistors are 

0.1d m cr r r     and 0.2lr   . Diode voltage drop is 0.71VDv   and the on-

state mosfet voltage drop is considered 0.075VMv  . Based on the amounts 

of Gv  and Ov , the duty cycle of the converter has an average value of 

 1 / 0.37 VG OD v v   . 

Based on the complete model of boost converter (Equation (1) to 
Equation (9)), the two poles of the regulator locate at j2879.6±9.959 where 
their distance from the j  axis is 959.1. Therefore, the size of controller pole 

( )p  has chosen the 90 percent of this value ( 863)p  . Also, the size of the 

controller zero (z) has been selected 10 times greater than the distance of the 
converter poles from j  axis ( 9590)z  . 

In other respect, the controller will have the following structure, where 
its gain ( )k has been determined based on the root locus of the closed loop 

transfer function from the output voltage ( )Ov  to the duty cycle deviation ( )d . 
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 

9590
( )

863

k S
K S

S S





     (19) 

Root locus of the closed-loop system based on this controller and the 
complete model of the boost converter (equation 1) has been shown in 
Figure 17. Figure 18 shows the zoom of this root locus around the origin. By 
choosing 8.72k  , the overshoot of the system is 3.46 percent. 

 

 

Figure 15:   The electronic circuit of the designed controller. 
 

 

Figure 16:    A 12V  to 19V  boost converter [10]. 

 

 

Figure 17:   Root locus of the complete closed loop transfer function of the boost 
regulator and the designed controller (Equation (19)). 
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Figure 18. Zoom of the root locus of the closed loop system with designed controller 
(Equation (19)) around the origin. 

 

The Bode diagram of the closed system with designed controller has 
been shown in figure 19. The gain margin and phase margin of the system are 
40.8 db  and 87.7 degree respectively. 

 

 

Figure 19. The Bode diagram of the boost regulator and the designed controller. 
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7. SIMULATION OF THE DESIGNED BOOST CONVERTER CIRCUIT 
The simulation of the converter has been done in two sections. At first, 

the block diagrams of the converter and designed controller have been 
simulated in the MATLAB Simulink environment. The figure 20 shows this 
representation. In second part, the electronic circuit of the converter has 
been considered in the PLECS software. To show the merit of the designed 
controller and its electronics equivalent, three schemes have been 
considered to check the tracking error and disturbance rejection. 

1- The system power key is connected at the first moments of the 
simulation on t=0s. The output voltage must tend to the 19 V as 
soon as possible. 

2- A 3 V sudden rise and drop in the converter input voltage ( )Gv  are 

befallen at 100 ms and 150 ms, respectively. These disturbances 
must be compensated by the controller so that the output voltage 
can come back to the desired output 19 V with minimum overshoot, 
oscillation and settling time. 

3- A 3 A sudden rise and drop in the convertor output current have 
been betided at 250 ms and 280 ms, respectively. These scenarios 
are done in the PLECS environment by decreasing and increasing 
the load resistance. 

The output voltage deviations, changes of the convertor duty cycle 
(controller output) and the inductor current deviations have been shown in 
Figure 21 through Figure 23 in MATLAB Simulink environment respectively. 

 

 

Figure 20: The closed loop system of the boost converter and designed controller in 
MATLAB Simulink environment. 
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Figure 21. The output voltage deviations in MATLAB Simulink environment. 
 

 

Figure 22. The duty cycle deviations in the MATLAB Simulink environment. 
 

 

Figure 23.   The inductor current deviations in the MATLAB Simulink environment. 
 
Also, to check the accuracy of the actual electronic circuit of the system, the 

boost converter, along with the designed electronic controller according to figure 24 
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has been simulated in the PLECS software. A scenario has been defined to check the 
performance of the controller, such as MATLAB software. The variation of the 
output voltage of the converter, the rate of duty cycle changes (electronic controller 
output) and the inductor current variations have been shown in Figure 25 through 
figure 27 successively. As can be seen, apart from the transient motion of the 
simulations, the overall structures of their results are similar and the outputs are set 
to 19 V. It is noteworthy that the intended changes for the input voltage is 
3/12=25% and for the load current of about 3/19.44=700%. These variations have 
been considered so high to indicate the proper performance of the controller. 

 

Figure 24. The electronic circuit of the boost converter and designed 
controller in the PLECS software. 

 

 

Figure 25. The output voltage deviations in the PLECS software. 
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Figure 26.  The duty cycle deviations in the PLECS software. 

 

Figure 27.  The inductor current deviations in the PLECS software. 
 

7. CONCLUSION 
In this paper, at first the complete state space model of the non isolated DC-DC 

boost converter has been introduced in the presence of the on state voltage drop, 
resistance of the diode and active switch, parasitic resistance of the inductor and 
capacitor and unknown load current. Eliminating these uncertainties, the simple 
transfer functions of converter from the output voltage to the input voltage and duty 
cycle control input have been calculated. Based on these transfer functions and root 
locus method, a second degree controller has been designed to stabilize the output 
voltage of the controller. A step by step manner has been introduced to select the 
values of this controller's gain and its pole and zero locations based on the complete 
state space of the boost regulator. Also, the electronic circuit of this controller has 
been synthesized by operational amplifiers. The parameters values of the designed 
controller and its electronic circuit have been presented for a 12 V to 19 V non-
isolated DC-DC converter by considering the complete state space model. At the end, 
to show the merit of the designed controller, the system block diagram and its 
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electronics equivalent circuit have been simulated in response to the input voltage 
deviations and load current changes of the converter in the MATLAB Simulink 
environment and PLECS software respectively. The construction and procedure that 
have been introduced to design the controller and its equivalent electronic circuit 
can be used for other basic switching regulators like as buck and buck-boost. 
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