
Educational aid for dynamic study of 
DC converter with Leverrier's and Pole clustering 
technique using simulation software

Abstract : In this paper, the dynamic analysis of the 
dc-dc converter is proposed with an educational aid to 
ease the process in which the study is carried out. This 
study's primary importance is that it can be added to 
the curriculum of Master's program in Electrical 
Engineering. This article mainly focuses on the 
mathematical modelling of the dc-dc converter with 
which the dynamic analysis is carried out to regulate 
the load and line condition. The main problems in the 
analysis of higher-order dc-dc converter is addressed 
with techniques available in the literature. A quadratic 
boost converter with DCL cell is chosen for studying 
the dynamic analysis with the flow of the technique 
proposed. The solution to the resolvent matrix of the 
converter is obtained using Leverrier's algorithm. The 
higher-order system's transfer function is reduced 
using the pole clustering technique to ease the 
controller design. Finally, the PI controller is tuned 
with Ziegler-Nichols tuning and it is incorporated 
with the converter using the reduced-order transfer 
function. The input to output transfer function is 

analyzed with the step response in MATLAB software 
and compared with the full order transfer function to 
validate the reduced-order transfer function. The 
closed-loop response is also validated both with full 
order and reduced-order system. 

Keywords :  Bloom's taxonomy, Leverrier's 
algorithm, Pole clustering, DC-DC converter, 
dynamic, reduced-order, controller

1. Introduction

 In 1956, Benjamin Bloom, a psychologist, had 
recommended Bloom's taxonomy (learning 
objectives) for educators. It has recently been updated 
with six levels of learning that can be used to frame the 
learning objectives for any course. Bloom's taxonomy 
levels are remembering, understanding, applying, 
analysing, evaluating, and creating (RUA2EC). It is 
also observed that Bloom's taxonomy intrudes in the 
assessment process [1] and in framing the curriculum 
for bachelor's and master's programs. Many articles 
are recently published on the correlation of Bloom's 
taxonomy with many undergraduate courses [2]. Fig 1 
reveals the latest levels of Bloom's taxonomy. Mostly, 
many countries follow this level for upgrading the 
teaching-learning methodology. 

 According to Bloom's taxonomy, the sixth level is 
creating a novel or innovative work on its own. To 
meet out this learning objective, the study should be 
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exposed to design, develop, construct, assemble, and 
investigate. To develop a model, students should be in 
a position to create the entire system. 

 Postgraduate students who are interested in 
fetching degree on power electronics and industrial 
drives are needed to learn the courses like 

 Analysis of power converters

 Modelling of power converters

 Power electronics converters in a renewable   
energy system

 Power converters in solid-state DC and AC 
drives

 Design of controller for power electronic 
applications.

 To ease the mathematical analysis of power 
converters for all the above courses, this paper has 
introduced a simple algorithm for performing a 
dynamic analysis of power converters. The algorithm 
is explained with a flowchart and an illustrative 
example for better understanding. 

 Fig 2 depicts the process involved in the proposed 
methodology to study the dynamic analysis of the 
converter. It is a four-step process where four 
techniques are integrated to analyze the performance 
of the converter. All these techniques were used earlier 
for several analyses. However, this is the first time 

these techniques are combined and suggested a 
methodology to study the dc-dc converter. 

 To perform dynamic analysis on power converters, 
many modeling techniques are incorporated [3-10]. In 
the last four decades, model reduction techniques 
attracted many researchers to design and model the 
system. They are several frequency and time-domain 
model reduction techniques. Frequency-domain 
techniques  such  as  pole  c lus ter ing ,  Pade 
approximation, Routh approximation, and Routh 
stability are mostly used to reduce the order of the dc-
dc converter's transfer function [11-15]. Pole 
clustering is observed to be simple in calculating the 
numerator and denominator of the reduced-order 
model. Hence, it is chosen and adopted for this 
methodology. Finally, the controller is designed for 
the topology to meet the required design needs.

 For many industrial applications, the PID 
controller is deployed. PID controller is employed for 
a didactic thermal plant in an Arduino platform [16]. 
In this controller, the tuning parameters are obtained 
with step response-based Ziegler-Nichol's method. A 
novel method of tuning is proposed for the PID 
controller, which unifies the Ziegler-Nichols method 
[17]. For the magnetic levitation system, the 
fractional-order  PID controller's  controller 
parameters are tuned by the Ziegler-Nichols method 
and ant colony optimization algorithm [18]. Ziegler-
Nichol's method is also used for pneumatic soft robot 
control systems adjusted manually and automatically 
[19].

 PI controllers are also used for various power 
converters to implement several control strategies for 
many applications. The isolated phase-shifted full-
bridge dc-dc converter is proposed for a hybrid 
electric vehicle with particle swarm optimization 
where the PI controller is tuned with the Ziegler-
Nichols method [20]. Ziegler – Nichol's method is 
also known as the critical proportionality method, 
which is a widely used heuristic parameter adjusting 
technique. The precise steps are to detach the 
differential and integral links, set the scale to a small 
value, fix the converter in closed-loop operation, and 
steadily increase the regulator's scale Kp to attain 

Fig. 1: Six levels of Bloom's taxonomy
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Fig. 2: Process to carry out dynamic analysis
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critical oscillation progression. The gain is called 
ultimate gain, and the time between two peaks is 
called critical or ultimate oscillation period. Ziegler – 
Nichol's method proposes two tuning ways [21], one 
based on step response and another on frequency 
response experiment. In this paper, the frequency 
response method has been followed. This method 
produces good initial Kp, Ki , Kd value. This method 
remains the most straightforward technique from the 
tuning point of view.

 Fig 3 depicts the step-by-step procedure involved 
for this pilot study. This paper deals with the 
mathematical modelling of the power converter (dc-
dc converter) and designing a suitable controller for 
the proposed dc-dc converter. Recent educational 
tools for the design of power converters are elaborated 
in section 2. Section 3 describes the mathematical 
modelling of derived topology. Section 4 describes the 
simplified method and its application to the topology 
for solving the resolvent matrix. Bringing down the 
transfer function's order is to ease the controller's 
design for a power converter and is discussed in 
section 5. A suitable controller is suggested for the 
derived topology in simplified form is presented in 
section 6. The discussed algorithm is validated with an 
example in section 7. Section 8 presents the 
experimental results of the pilot study carried out. 
Finally, the results are validated in section 9.

2. Recent And Modern Educational Tool For 
Power Electronic Design

 Several simulation packages are available for 
students and researchers for design of novel power 
electronic converter topologies. These softwares can 
also be used as a teaching tool for undergraduate and 
postgraduate students to understand the operating 
principle of the existing converters in literature. In 
these packages, few softwares are open-source or the 

trail/demo versions are available for the study. In our 
institution, SRM institute of Science and Technology, 
there are around six softwares exclusively for power 
converters. Fig 4 presents the software more 
commonly used for power electronic converter design 
and analysis. 

 Various hardware components for power 
electronics are also available to enhance the teaching 
methodology and to increase the interest in the course 
taught. For example, National Instrument (NI) have 
lab View, My Rio and compact Rio for the students to 
learn the concept more clearly by introducing these 
components along with the conventional method of 
teaching. Similarly, OPALRT platforms recently an 
equipment which is used for validation and testing of 
the power electronics in any real-time application. 
Students can be exposed to this modern equipment to 
under the concept in easier way with depth of 
knowledge.

Fig. 3: Step-by-step procedure for this methodology

Fig. 4: Simulation packages for power electronic circuits
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 In addition to this, several controllers loke 
dSPACE, FPGA, DSP are available for designing the 
controllers for power converters designed and 
validated. Now a days, all the renewable power source 
emulators are available along with the power 
conditioning unit to learn and analyse about the 
integration of the power converters with grid for 
distributed generation. 

3. Mathematical Model Of A Quadratic Boost 
Converter With Dcl Cell (qbdcl)

Fig. 5: Mathematical modelling of 
QBDCL converter using SSA

 One of the most popular modelling technique 
'SSA' is generally used to obtain a higher-order DC-
DC converter transfer function. This is a simple 
modelling technique purely based on matrix algebra. 
Resolvent matrix (sI-A)-1 calculation becomes 
troublesome as the matrix's order increases, making it 
more prone to error and difficult to arrive at the 
transfer function. This method uses the scalar Laplace 
operator 's', making it challenging to calculate through 
digital computers.

 One such algorithm named Leverriers Algorithm 
[10] comes very handily to calculate the matrix's 
inverse. This is a well-known algorithm, and it has 
been reported in very few articles for computing the 
inverse of the resolvent matrix (sI-A)-1 of the dc-dc 
converter during its transfer function determination. 

The steps involved in modelling the dc-dc converter is 
presented in fig 5.

 The generalized state-space model of a system is 
given by

 To illustrate the methodology, quadratic boost 
converter with the diode-capacitor-inductor (DCL) 
cell which is depicted in Fig 6 is chosen. Since the 
number of passive components is high, this converter 
is considered for further analysis. The state, input, and 
output matrix of shoot and non-shoot through the 
converter period are obtained and tabulated in table 1.

Fig. 6: Quadratic boost with 
DCL cell (QBDCL) converter
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Step 1 : Define P   as n  order identity matrix and find n -1
th

coefficient bn-1 

Substitute the values of ‘b' and 'p' to get final value of 
resolvent matrix.

Table 1 : oState-space Representation f Qbdcl Converter

4. Flowchart For Leverrier's Algorithm For Dc-
dc Converter

 Let the matrix A be of order n x n, then according to 
Leverrier's algorithm resolvent matrix is given by 

Input to output transfer function is derived by taking 
Laplace transform of the output equation which is 
obtained as 

y (s) =  C [sI-A] ̂  (-1) Bu (s)                       (16)

 In equation (16), A, B and C matrix are substituted 
from the Table I and simplified by the Leverrier’s 
algorithm. The MATLAB coding to obtain the 
numerator and denominator of the transfer function is 
given asHere, Pi  is a nxn matrices and bi  are scalar 
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Further analysis is carried out for the following : 

Power= 40 W, Input voltage (Vg)= 12 V, output 
voltage (Vo)= 96 V, Inductor LQB= 15 µH, Lg1 =120 
µH,  switching frequency (fSW) = 60 kHz, Duty cycle 
(D) = 0.5 and load resistance (Ro) = 230 Ω. By 
subtituting these values in equation (17), the input to 
output transfer function is obtained as

 Fig 7 represents the step response obtained from 
the input to output transfer function of full order 
converter from Matlab.

I. Flowchart For Pole Clustering Technique For 
Dc-dc Converter

 Mathematical models are carried out to achieve 
desired performance from a dynamic system. Systems 
that yields composite models are tough to analyze due 
to computational cost, or storage constraints. This 
problem can be solved using model reduction 
techniques that tends to store the dominant 
characteristics of the model. This model reduction 
produces analyzable models whose features like 
transient response, static response, stability is 
preserved. This paper follows the improved pole 
clustering method for reducing the order of the model. 
Fig 8 depicts the steps involved in applying the pole 
clustering technique to the dc-dc converter. The model 
reduction steps involve first calculation of the 
denominator then numerator.

Let, consider a higher-order system as

Similarly, the reduced-order model be of the form

5.1 Calculation of denominator: 

The rules for Clustering of poles:

 Using the above coding, the numerator and denominator of the input to output transfer function is determined as

Fig 7: Step response full order QBDCL converter.
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 Distinct clusters are segregated for real and 
complex poles.

 Poles lying in the left and right half of s plane 
are separately grouped. 

 Purely imaginary and zero poles are retained in 
the approximate system. 

Suppose poles are given by the following equation 

 Assume that the model is needed to follow up 'rth' 
reduce order, then the number of clusters formed is 
equal to r. The first pole is placed in first cluster, 
second in the next cluster, similarly rth pole in rth 
cluster, again (r+1)th pole in the first cluster, (r+2) in 
second, (2r) in rth cluster and the process continues 
until all the poles are set up in clusters. Each pole in a 
cluster is arranged in ascending order considering 
only magnitude value.

Setup the model taking the cases given below

Case 1: - All poles are real

The denominator is obtained as 

Case 2: -All poles are complex 

Apply the algorithm for the real and imaginary parts 
separately. The denominator of the lower-order 
system is given as  

Case 3: Real and Complex pole 

An improved clustering algorithm is applied 
independently for both real and complex terms. For 
rth order reduced-order system, let γ be the cluster 
center for real poles, and µ be the cluster center for 
complex poles. Then denominator is given by  

5.2 Calculation of numerator: 

 The numerator of the reduced-order model is 

calculated using simple mathematical computation 
[12-14]. It is attained by equating the transfer function 
of the original order and reduced order converter as 
stated below

‘r’ number of equations are obtained by equating the 
powers of S.

.         

 By rearranging the equations (25), the numerator 
of the transfer function is obtained. The numerator 
polynomial coefficients can easily be determined 
from the known coefficients of the denominator 
polynomial. 

 Consider the fourth-order transfer function of the 
QBDCL converter in equation (18) to reduce to 
second-order transfer function using the technique 

Fig 8: Steps to proceed with pole clustering 
technique for DC-DC converter
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mentioned above. The poles of the full order and 
reduced order are presented in Table II.

 The numerator of the transfer function is 
calculated by equation (18) with the equation obtained 
from the poles of the reduced order as per the equation 
(24). By equating the power of the S, it is acquired as

Solving the equation (26), we obtain the numerator of 
the reduced-order converter is

Num = 1920.92X106   (27)

 After completing the calculation of numerator and 
denominator, the derived reduced-order transfer 
function is 

 Fig 9 represents the step response obtained from 
the input to output transfer function of reduced-order 
converter from Matlab.

6. Flowchart For Controller Design Of Dc-dc 
Converter

 Due to the simplicity in design, the PID controller 
is the most commonly used control strategy in 
industries, and its general block diagram is depicted in 

Fig 10. The Proportional and integral parameters 
create a more significant impact on the system's 
performance, and henceforth, optimal values are 
essential. The utmost common method of PI tuning is 
the Ziegler-Nichols tuning method. The simplicity of 
this method is that its inherent principle in 
determining the value of Kp and KI. With the system's 
step response, the Kp value is set to a small value by 
keeping the KI to zero. The response of the system is 
observed until it reaches neutral stability [22]. After 
that, using the formulae given in Table 2, the 
controller parameter values are obtained. Though, this 
alike response cannot be obtained for all the systems 
by fine-tuning the Kp values.

 Fig 11 illustrates the steps involved in the 
determination of PID parameters with Ziegler-
Nichol's tuning. Table III presents the formula used to 
calculate the PID parameters with the second method 
of step response-based Ziegler-Nichol's tuning.

Table 2 : Poles of the full order and 
reduced-order qbdcl converter

Fig  9: Step response reduced order QBDCL converter.

Fig. 10: General block diagram for 
DC-DC converter with PID

Fig  11: Steps to proceed with 
Ziegler-Nichols tuning for DC-DC converter
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 According to Fig 11, the Kp value is set to a smaller 
value, and the step input response is observed. If the 
oscillation reaches neutral stability, then the Kp value 
is set as Ku, and the time period is noted in the 
sustained oscillation to set as Tu. Finally, the KI is 
calculated by determining the value of Ti.

 Using the Table IV, the transfer function of PI 
controller is determined by substituting the values to  
(31).

7.  Validation of the Algorithms

 The open-loop response of equations (18) and (28) 
is determined and presented in Fig 12 (a). From this 
figure, it is observed that the response obtained from 
the full order transfer function matches closely with 
the reduced-order transfer function. To validate the 
results further, the two transfer functions' bode plot 
are compared and presented in Fig 12 (b). The bode 
plot matches closely with a slight deviation.

Table 3 : Formula To Tune Controller Parameters in 
the Pid Controller with Ziegler-nichols Tuning

Controller  Kp  Ti  Td  

PID  0.6Ku  Tu/2  Tu/8  

P
 

05Ku
 

-
 

-
 

PI
 

0.45Ku
 

Tu/1.2
 

-
 

PD
 

0.8Ku
 

-
 

Tu/8
 

No overshoot
 
0.2Ku

 
Tu/2

 
Tu/3

 

Table 4 : Values Determined By 
Ziegler-nichols Tuning (step Response)

Ku Tu Ti
 

Kp
 

KI

 0.011 0.001 8.33e-4 0.005 6

Fig 12: Comparison of results (a) Step response . 
of full-order and reduced-order QBDCL converter 

(b) Bode plot of full-order and 
reduced-order QBDCL converter

Fig  13: Comparison of closed-loop response .
obtained for full-order and 

reduced-order QBDCL converter    
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 Finally, (32) is integrated with equations (18) and 
(28) to receive the closed-loop response of the system. 
The response received from the closed-loop system of 
the full order and reduced order is presented in Fig 13. 
The time-domain parameters obtained from the open-
loop and closed-loop response of full-order and 
reduced-order transfer functions are tabulated in table 
5 for comparison. It is noted that the pole clustering 
technique is best suited to the dynamic analysis of the 
dc-dc converter, especially for the higher-order 
transfer function.

 This paper has detailed the study carried out in the 
dynamic analysis of the converter. It introduces the 
steps involved in analyzing the mathematical model 
of the converter to design the closed-loop controller. 
According to Bloom's taxonomy, this methodology 
can be incorporated in post-graduate curriculum of 
power electronics courses for improving their design 
skill. We described the procedure for finding a 
solution to the resolvent matrix with Leverrier's 
algorithm. The Matlab coding for the matrix solution 
is given, which can be used as a teaching tool for 
finding the transfer function of a newly derived dc-dc 
converter. Furthermore, the flowchart of the various 
techniques incorporated is given, which can be used as 
teaching to explain the converter's mathematical 
modelling. 

     An illustrative example is given to explain the 
proposed methodology. Quadratic boost converter 

Table 5 :
Comparison Of Time-domain Specification

Input to 
output 

transfer 
function

Poles Zeroes Time-domain 
specification

Full order 
open loop 
transfer 
function

−1585 + �31647

Nil

Overshoot= 130%
Rise time= 0.05 msec
Settling time= 0.0042 
sec

−1585− 31647
−839 + �15161
−839− �15161

Reduced-
order-Open-
loop transfer 
function

−813.6 + �15471
Nil

Overshoot= 90%
Rise time= 0.07 msec
Settling time= 0.004 
sec

−813.6 − �15471

Closed-loop 
transfer 
function with 
full-order PI 
controller

 

1.0e+04*    0.0000 
+ 0.0000i

-1200

Overshoot= 0%

1.0e+04* -0.1261 -
3.1677i

 

1.0e+04* -0.1261 
+ 3.1677i

 

1.0e+04* -0.0913 
+ 1.5149i

 

1.0e+04* -0.0913 -
1.5149i

 

Closed-loop 
transfer 
function with 
reduced-order 
PI controller

 
1.0e+04*   0.0000 
+ 0.0000i

 

-12001.0e+04*  -0.0814 
+ 1.5472i

 

1.0e+04*  -0.0814 -
1.5472i

 
 

with DCL cell is chosen for explaining the procedure 
involved in Leverrier's algorithm, pole clustering 
technique, and PI Ziegler-Nicholas tuning. 

 Pole clustering technique is used to reduce the 
order of the transfer function. The full-order 
converter's open-loop response is compared with the 
reduced-order converter to validate the result obtained 
from the pole clustering technique. It is noted that both 
the response closely matches the similar value of 
time-domain parameters. The open-loop response is 
used to find the PI controller's Kp and Ki value with 
Ziegler-Nicholas step response second method of 
tuning. The determination of these values is made 
more accessible to the response obtained from Matlab. 
Finally, the closed-loop response is determined by 
combining the PI controller transfer function with the 
dc-dc converter's transfer function.
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