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1. INTRODUCTION

DC/DC converters are known as means for reducing or increasing input voltage [1]. There are
various types of DC/DC converters, such as boost, buck-boost and buck converter. Boost converter is one of
the most popular converters to step up the output voltage. Boost converters are widely used in various
applications such as in renewable energy system, electrical and electronic devices, as well as electrical
vehicles [2-5]. Lately, researchers particularly studying control system have gained more interests in voltage
regulation issues related to DC/DC boost converter [4].

Two-level DC/DC boost converter is a multiple conventional boost converter that is arranged in
parallel manners. The advantages of a N-level boost converter, compared to conventional boost converter
topologys, are ability to reduce the input and output current ripple [6, 7], reduce switches stress and increase
the load transient [8-13]. Pulse-width modulation (PWM) signals of two-level boost converter are appointed
by 180 degree phase-shifted at each level to turn-on and turn-off the MOSFETS [14]. Recently, researches
have primarily focused on design architecture and structure, such as less weight, reduction in size, component
count and cost. However, the concern on statistical methods to build mathematical models measured data for
further determination of dynamic system behavior, which can provide further information and robustness of
the system, are less deliberated.

System identification is common method of creating a dynamic mathematical system model using
the system input and output signal measurement [15]. Modeling a two-level boost converter using system
identification offers more detailed characteristic on the dynamic behavior and the transient response of the
converter [16-19]. Furthermore, the system behavior can be further investigated from the model, such as the
overshoot, undershoot and steady-state operation. System identification techniques with parametric and non-
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parametric method have been applied in digital and analog controlled DC/DC converters [20, 21].
Three models have been considered in this study via simulation, which are Auto Regressive with eXogenous
(ARX), Auto Regressive Moving Average with eXogenous (ARMAX), and Output-error (OE) model
structure. Auto Regressive with eXogenous model (ARX) is the most common linear model used in system
identification, as it provides the simplest model structure, along with excellent performance [22-25].

The remaining of this paper is organized as follows: Section 2 explains the principle operation of
two-level boost converter, Section 3 describes the procedure to perform the system identification process,
and Section 4 gives an overview about the results and discussion. Lastly, Section 5 gives a conclusion about
overall simulation results.

2. PRINCIPLE OPERATION OF TWO-LEVEL BOOST CONVERTER

The proposed circuit configuration of two-level boost converter is as shown in Figure 1. The circuit
consists of two diodes, two switches, two inductors, a capacitor and an inductor. The diodes, switches,
and inductors are connected in parallel.
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Figure 1. Two-level boost converter

Table 1 shows the mode of operation of the two-level boost converter. In mode 1, switch S; is closed
while switch S; is opened. Meanwhile, inductor for L will be recharged, and inductor L, will be discharged,
thus the current in inductor L, decreases. In this case, diode D, acts as a forward bias, therefore current will
flow through it; while diode D acts as reversed bias. Switch S, will be closed while switch S; will be
opened. Conversely, inductor L. is recharged while inductor L, is discharged; thus current through inductor
L1 decreases. In this case, diode D, acts as forward bias, therefore current will flow through it, while diode D1
acts as reversed bias.

Tablel. Mode Operation of Two-Level Boost Converter
Time Switches, S, Diode, D,
to-ti(Mode 1) Sl closed S2 opened  Diode D1 reversed bias while D2 forward bias
ti-t2(Mode2)  S2 closed S1 opened  Diode D2 reversed bias while D1 forward bias

3. IDENTIFICATION PROCEDURE

System identification is a sub discipline of control engineering which can be used to determine the
mathematical model of the measured system. Figure 2 shows the contrivance to perform the system
identification for the two-level boost converter. The procedure includes simulation, data collection,
model order determination, model estimation, and model validation. If the outcome is unacceptable, repeated
process loop as cycle 1, cycle 2, cycle 3, or cycle 4.
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Figure 2. System identification procedure

3.1. Model Structure

Figure 3 shows three model structures for system identification. Based on the block in Figure 3(a),
it shows the structure of the ARX model, where e(t) represents the disturbance, y(t) is the output of the
system, and u(t) is the input system. In this study, ARX was considered as the main model as it is the
simplest model compared to other models. ARX model is the best and most efficient polynomial estimation
whose solution gives a minimal global loss function. This solution is important especially for higher orders.
The structural equation of the ARX model is given by (1).

e(t)
e(t)
i ® % (OD—>y(1)
u(t - y
u(t) —>y(t) F,
@ (c)
Figure 3. Model structures of (a) ARX, (b) ARMAX and (c) OE
Agy(t) = Byu(t) +e(t) (D)

Figure 3 (b) shows the structure for ARMAX model. The structure of the ARMAX model differs
from the ARX model, including the perturbations that occur at the beginning of the process. The ARMAX
model is capable of handling of disturbance modeling better than the ARX model. The structural equation of
the ARMAX maodel is given by (2).

Agy(t) = Byu(t) + Che(t) (2)

Figure 3 (c) shows the OE model structure, in which no parameter is used to describe the
disturbance. As shown in (3) shows the structural equation for OE model structure.

y(&) = 22u(®) + () @)

3.2. Model Development

For the model order of ARX, ARMAX, and OE model, five number of orders had been picked
randomly. The selection of model order was by increasing the order until obtaining the maximum value of
R?, where ‘1’ denotes having the best model. The order was selected as stated in Table 2.

Table 2. Five random orders for ARX, ARMAX, and OE
ARX ARMAX OE
(111 1111 (211
(211 (2221 (2.21)
(3,21 (3221 (31.1)
(4,21 (4221 (411)
(541 (4111 (421)
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4. RESULTS AND DISCUSSION

Figure 4 and Table 3 show five random structures of the ARX model and the best fits for the random
orders, respectively. Figure 4 shows the graph output voltage versus sample time. The graph was plotted
based on (1,1,1), (2,1,1,), (3,2,1), (4,2,1) and (5,4,1) orders to distinguish the difference of each order. Based
on Table 3, the lowest best fits gives value of 1.36% with (1,1,1) order, while the highest is (5,4,1) with
96.81% best fits. The input and output data from the two-level boost converter had been compared, and the
best result from the ARX model structure yielded 96.81% best fits. The discrete time polynomial for ARX
model structure for system identification in MATLAB/Simulink software can be expressed as (4). The best
mathematical models for ARX model structure (5,4,1) are expressed as (5) and (6).

ARX Model
Table 3. ARX Model based Order
< Model order Best fits
'y (1,1,1) 1.36%
& (2,1,1) 41.78%
S (3.2.1) 76.70%
(4.2,1) 94.03%
(54,1) 96.81%
20 ‘ ‘ ‘ ‘ I
0 0.5 1 15 2 25
Sample Time x10 5
Figure 4. Measured and simulated ARX model structure
AZ Yy () = BZ M u(t) + e(t) (4)
The mathematical model for output is expressed as
fA(Z7Y)=1-2043Z71 4+ 1.762Z272 - 0.9202Z73 + 0.2919Z~* — 0.04167Z > (5)
The mathematical model for input is expressed as
~B(Z71) =0.07159Z1 (6)

Figure 5 shows the voltage versus sample time graph for ARMAX model structure. The graph
consists of (1,1,1,1), (4,1,1,1), (3,2,2,1), (4,2,2,1), and (2,2,2,1) ARMAX model orders. Table 4 shows the
comparison for best fits for five random model orders. Table 4 shows that the lowest best fits is from
(1,1,1,1) with 2.60%, while the highest is from (4,1,1,1) with 93.7% best fits.

ARMAX Model
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60 | Table 4. ARMAX Model based Order
s Model order Best fits
< a0 b s | 1111 2.60%
s 411D (2,2,2,1) 49.46%
S 2 co2n | (4.22.) 80.47%
(4221) 3.2.2.1) 85.53%
0 @221) | (4,1,1,1) 93.70%
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Figure 5. Measured and simulated ARMAX model structure
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The discrete time polynomial equation for ARMAX model structure is expressed as (7).
The mathematical models for (4,1,1,1) are expressed as (8), (9) and (10). For discrete time polynomial of
ARMAX model structure,

A(ZDy) =BZ Du®) + C(Z He(®) )

The mathematical model for output is expressed as:

2AZY)=1-1.691Z71 + 1.305Z272 — 0.7489Z73 + 0.2193Z~* 8)

While the mathematical model for input is expressed as:

~B(Z™Y) =0.07162Z1 9)

And the mathematical model for disturbance is expressed as:

“CZYHY=1-2z71 (10)

Figure 6 shows the graph voltage versus sample time for five random orders for OE model.
The graph consists of orders of (2,2,1), (2,1,1), (3,1,1), (4,2,1) and (4,1,1). The comparison for bests fits for

five random orders is shown in Table 5. According to Table 5, the lowest best fits is from (2,1,1) with
19.96%, while the highest best fits is (4,1,1) with 92.25% in value.

OE Model
80 : :

Table 5. OE model based order
< Model order Best fits
ey (2,1,1) 19.96%
& (3,1,1) 43.41%
S (4,1,1) 63.43%

(2,2,1) 75.22%
(4,2,1) 92.25%
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Figure 6. Measured and simulated OE model structure

The discrete time polynomial equation for OE model structure is shown in (11). As shown in (12)
and (13) show the mathematical models for (4,2,1). Discrete time polynomial for OE model structure is
expressed as

_Bz™
y®) =1

u(t) + e(t) (11)

The mathematical model for input side is expressed as

~B(Z™1) =0.0261Z"1 + 0.0261Z72 — 0.0261Z73 + 0.0261Z* (12)
and,
~F(ZY)=1-1.429Z"1 4 0.5003Z2 (13)

Among the models generated by ARX, ARMAX, and OE, the ARX model structure gave the best
best fits of 96.81% compared to those of ARMAX and OE model structures, with 93.70% and OE 92.25%,
respectively.
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4.1. Stability for Open-Loop (5,4,1) ARX Model Structure

Normally, frequency response can be obtained through the mathematical model of the system.
System identification provides a frequency response generated from the mathematical model of the model.
Frequency response can be used to predict the behavior of open-loop system in closed-loop system. In order
to find the robustness of the system, gain margin and phase margin are taken into account to determine the
stability of open-loop system. Figure 7 shows the frequency response for ARX for (5,4,1) model order.

Frequency response

10° F

Amplitude

Phase (deg)
-

10° 10°
Frequency (Hz)

Figure 7. Frequency response for (5,4,1) ARX model

The gain crossover frequency for ARX model structure shown in Figure 7 is about 3.4e®Hz,
whereby the phase margin is about 91 degrees. For the phase crossover frequency, the value is 9.4e°Hz,
whereby the gain margin is about 0.65. The plot shows that the frequency response for (5,4,1) gave a stable
open-loop system. This is because the crossover frequency met the requirement of -180 degrees when the
magnitude plot intersected 0dB line

5. CONCLUSION

This paper has presented a study on two-level DC/DC boost converter with system identification
approach using MATLAB/Simulink software. The two-level DC/DC boost converter, which operates in
discontinuous conduction mode, can be implemented in system identification to generate mathematical
model for control purpose. The generated ARX, ARMAX and OE model structures have more than 90
percent similarity with the actual model. Therefore, system identification offers a simple technique to
generate system dynamic and mathematical model for the two-level boost converter.
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