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ABSTRACT In this paper, Cascade PI Controller-Based Robust Model Reference Adaptive Control (MRAC)
of a DC-DC boost converter is presented. Non-minimum phase behaviour of the boost converter due to
right half plane zero constitutes a challenge and its non-linear dynamics complicate the control process
while operating in continuous conduction mode (CCM). The proposed control scheme efficiently resolved
complications and challenges by using features of cascade PI control loop in combination with properties of
MRAC. The accuracy of the proposed control system’s ability to track the desired signals and regulate the
plant process variables in the most beneficial and optimised way without delay and overshoot is verified
using MATLAB/Simulink by applying comparative analysis with single PI and cascade PI controllers.
Moreover, performance of the proposed control scheme is validated experimentally with the implementation
of MATLAB/Simulink/Stateflow on dSPACE Real-time-interface (RTI) 1007 processor, DS2004 High-
Speed A/D and CP4002 Timing and Digital I/O boards. The experimental results and analysis reveal that the
proposed control strategy enhanced the tracking speed two times with considerably improved disturbance
rejection.

INDEX TERMS Cascade PI controller, control systems mathematical models, model reference adaptive

control, state-space averaging method, time and frequency domain analysis.

I. INTRODUCTION

Growing global energy consumption, as well as issues of
shortage and environmental effects connected with con-
ventional energy sources, are putting the world on the
verge of an energy catastrophe in the next two or three
decades [1]-[3]. The energy problem linking between energy
access and greenhouse gas emissions has been given more
attention recently, and consequently there has been a notice-
able increase in the use of renewable energy sources for power
generation around the world [4]-[6].

Because of inconsistent power generation from sustain-
able energy sources, which is dependent on the environ-
ment, they are difficult to utilise without switching power
supply, including the power conditioner. According to the
statistics in [7]-[9] the vast majority of electricity generated
in developed countries, i.e. over 90% of generated power,

The associate editor coordinating the review of this manuscript and

approving it for publication was Jinquan Xu

VOLUME 10, 2022

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

is handled by power electronic circuits before being transmit-
ted to the utility [10]-[12]. As a result, switching power sup-
ply energy efficiency (environmental protection), footprints
(smart packaging technologies), power density (to reduce
weight/volume) and reliability to achieve zero defect design
for components and systems is critical in the renewable
energy system applications [13]-[15].

Switched-mode power supplies (also known as a switched-
mode power supply, switched power supply, SMPS,
or switcher) are electronic power supplies that include switch-
ing regulators to efficiently convert electrical power. While
converting voltage and current characteristics, an SMPS,
like other power supplies, transforms power from a DC or
AC source to DC loads. Because the switching transistor
dissipates less power when serving as a switch, SMPS has
a high efficiency up to 96 percent [16], [17]. Other benefits
include reduced size, noise, and weight due to the absence of
heavy line-frequency transformers, as well as reduced heat
generation [18], [19]. The circuit topology of the SMPS can
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TABLE 1. The fundamental forms of non-isolated converters.

Typical

Type Power Energy Voltage Relation Features
Storage
W)
Buck 0-1,000 Single 0 <Voyue < Vin Continuous
Converter Inductor Vout = DVin current at output
Vout = V;
Boost 0-5,000 | Single o Continuous

Converter Inductor Vour = 17— Vin current at input

Converter Inductor Vour =——=Vin | ¢
1-D input and output

Vour <0
D

be used to classify them. The most significant distinctions to
consider are isolated and non-isolated converters [20]-[22].

The three fundamental forms of non-isolated converters all
use a single inductor for energy storage given in Table 1.
D is the duty cycle of the converter in the voltage relation
column, and it can range from O to 1. The input voltage (Vi)
is expected to be larger than zero; if it is negative, negate the
output voltage for consistency’s sake (Voyt).

The DC-DC boost converter (DBC) is the simplest con-
verter topology for effectively reproducing increased output
voltage for a given input voltage [23]. It has been used
in a wide range of applications such as automotive indus-
try (hybrid electric vehicles), power amplifications, adap-
tive control applications, battery power systems, consumer
electronics, robotics, DC motor drives, communication appli-
cations (radar systems), wind power and photovoltaic (PV)
systems (e.g., DC micro-grid) [24]-[26].

Because of exhibiting non-minimum phase (NMP)
behaviour due to right half plane zero (RHPZ) and non-
linear dynamics, controller design for DBCs is more com-
plex and challenging than for buck converters [27]-[29].
The comparative analysis of the most common developed
control techniques for SMPS applications in terms of their
features, advantages, and limitations is given in Table 2. The
phenomenon commonly known as the NMP behaviour is
the phase lag caused by transfer of accumulated energy of
the inductor when the switch is on to the load during off time.
This attribute is reflected by the existence of a RHPZ in the
control to output voltage transfer function [26]. By restricting
the closed loop bandwidth feasible by feedback control, the
NMP nature complicates the control effort. The dynamic
change in positive zero location induced by varying converter
settings such as load resistance and voltage gain exacerbate
the NMP problem. Moreover, a reduction in input voltage or
load resistance tends to destabilise the closed loop system by
shifting the RHPZ towards origin.

The following two categories can be used to categorise the
methods offered in the literature to address the NMP problem
in a DBC: (i) converter topology modification approaches to
achieve minimum phase (MP) dynamics. (ii) specially built
controllers that correct for NMP dynamics. In this study, the
second strategy is used by utilizing the properties of both
cascade PI controller and reference model adaptive control
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FIGURE 1. The magnitude and phase plot from duty cycle to load voltage
on the intended frequency range.

in consideration of the inherent challenges, such as non-
linearity, NMP nature, time discontinuities, and model uncer-
tainty (unknown parasitic values, resistance and voltage drops
across switching element and diode, uncertainty in the value
of inductance etc.).

The remainder of the paper is structured out as fol-
lows. Section II. presents transfer function estimation of the
designed hardware of the DBC in CCM by using computer
aided and state-space averaging transfer function estimation
methods including step and frequency response comparison
for the verification of modelling. Section III. introduces com-
monly used mathematical modelling techniques and presents
a comparison analysis of them. Section IV. gives wide cov-
erage to design of single PI, cascade PI, cascade PI-based
model reference adaptive controllers and reference model
designing together with discretization process of the derived
transfer functions. The simulation and experimental results
are displayed in Section V. for varying conditions to validate
the enhanced performance of the proposed cascade PI-based
model reference adaptive control scheme for the designed
DBC. The paper ends with conclusions in Section VI.

Il. TRANSFER FUNCTION ESTIMATION OF THE BOOST
CONVERTER

A. COMPUTER AIDED TRANSFER FUNCTION ESTIMATION
Transfer function of the boost converter is derived by using
Simulink@® Control Design™. The transfer function estima-
tion process is based on collecting frequency response data
from the Simulink model of the proposed converter whose
parameters are given in Table 3.

Transfer function of a boost converter can be modelled
using the relationship of various interacting parameters of
the device. In this paper, transfer function from the PWM
duty cycle set-point to the load voltage is the subject of
the study to be interested and designing controllers depends
on this association. Collecting frequency response data is
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TABLE 2. Comparative analysis of the most common control techniques for SMPS applications.

Control
Technique

Features

Advanategs

Limitations

References

Proportional-
Integral (PI)

Sliding Mode
Control (SMC)

Model
Predictive
Control (MPC)

State-space

«Suitable for linear control
*Low-complexity

*Robust and suitable for non-
linear control

«Converge towards sliding
surface

«Easy for online iteration
*Robust and suitable for non-
linear control

*Eanble to predict furure states

*Robust and suitable for non-
linear control
«Suitable for multiple-input

*Simple implementation

*Fast transient response

*Easy integration with various control
techniques

*Simple Implementation

*Capable of responding to external
disturbance

*Fast dynamics (e.g., settling time)
*Robust

*Enhanced transient performance with
external constraints

*Fast response

«Efficient tracking with estimation-
based techniques

*Improved transient response

Incapable of responding to
external distubance (e.g., load
variations)

*High settling time, steady-
state error, overshoots

Chattering issues due to
discontinuous control law
*Excessive overshoots

Sensitive to circuit parameters
*High computational burden
*Required for detailed
knowledge of the model

*Required for longer period of
time for initial implemntation
*Required for detailed

[301,[31],[32],[33],
[34]

[311,[341.[351.[36],
[371,[38]

[301,[34],[391,40],
[41]

[34],[42],[43],[44],
[45]

z\ggizmg and multiple-output systems ;](;:31351 t(i);:erhOOt during load varying
*Enable to estimate plant states
continuously
*Robust and suitable for non-
linear control *Less overshoots
Fuzzy Logic *Providing stability in the «Efficient tracking response

presence of large variations
«Suitable for the systems
presenting imprecise boundary
conditons

Control (FLC) plant

*Do not require the mathematical of the

knowledge of the model

*High computational burden
*Required for propserly [341[46)[47),[48],
defined rules for operation [49]

«Longer settling time

TABLE 3. Design parameters of the boost converter.

Parameter Value
Input voltage( Vy.) 20V
Switching frequency (fsy) 20 kHz
Inductance (L) 100 uH
Output capacitance (Cyyy) 440 uF
Constant voltage load (V) 40V
Resistance (R) 16 Q

executed by adding perturbation to the duty cycle set-point
with sinusoids of different frequencies and storing the load
voltage accordingly. Carried out frequency is in the range
of 10 to 1/10" rad/s of the switching frequency. The main
purpose of this implementation is to figure out how the system
modifies the magnitude and phase of the injected sinusoidal
signals. Alternatively stated, frequency input point is the
duty cycle, and the output is the load voltage. The sinusoids
injected at the input point is chosen as 0.03 which is the
perturbation of the operating duty cycle in the steady state
which is calculated as:
Vour 1
Vdc_l_D=>D_0.5 ey
The magnitude and phase plot from duty cycle to load
voltage in terms of discrete points on the intended frequency
range is given in Figure 1.
The Bode plot of the proposed boost converter in Figure 1.
shows that the magnitude is 38 dB. There is inconsiderable
resonance around 2670 rad/s and a high frequency roll-off of
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FIGURE 2. The depiction of state-space structure for linear time invariant
systems in general.

around 20 dB/decade. According to these collected discrete

frequency points, transfer function of the proposed boost

converter is estimated as:

Vour(s)  —1.018e06s + 4.821¢08
d(s) 524 1.302¢04s + 6.307¢06

Gpoost () = (2
B. STATE-SPACE AVERAGING METHOD TRANSFER
FUNCTION ESTIMATION

One of the developed ways for obtaining the plant’s trans-
fer function and analysing the features and behaviours of
switch mode power supplies is state space averaging method
[50], [59]. The approach has shown to be a very useful
and convenient tool in the applications of power electronics
devices due to its great understanding and ease of derivation
and implementation [51], [52]. The most general state-space
representation of a system with p inputs, g outputs and n state
variables is given in Figure 2.
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FIGURE 3. The block diagram of a boost converter.

TABLE 4. Circuit analysis of the DBC in on-off states.

[State 1: sw ON, D OFF]

T
;ut

diL 3 dVC )
VdC = LE; lc = CF; VC = _LcR,' Vout = VC

[State 2: SW OFF,D ON]

L
Vout
Vdc + R
e ic R Vout

JU O L

diL . dVC . .
Vae =LE+Vout; lc = CW; i, =ic+

— o3
1L H
' C

Ve

Vout .V

T' out = Ve

where x(.), y(.), u(.), A(.), B(.), C(.) and D(.) are state vector
with x(#) € R”", output vector with y (#) € RY, input (con-
trol) vector with u(t) € RP, state (system) matrix with
dim[A (.)] = n x n, input matrix with dim [B (.)] = n X p,
output matrix with dim [C (.)] = g x n and feedthrough (feed-
forward) matrix with dim [D (.)] = g X p, respectively.

Block diagram of a boost converter is given in Figure 3.

Depending on the state of switch SW, the DBC has two
current paths which is defined as ON and OFF operating
states. Accordingly, the circuit analysis will be performed in
two topologies. Circuit analysis of the DBC in both states is
given in Table 4.
where Vg, L, ir, ic, C, Vc, R, Vour, Vour/R are input
DC voltage, inductance, inductor current, capacitor current,
capacitance, capacitor voltage, resistive load, output voltage
and output current, respectively. The vector block diagram
representation of the DBC linear state-space equations is
given in Figure 4.

Internal state variables are the smallest subset of system
variables that can accurately describe the system’s overall
state at any given time. The number of state variables in
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FIGURE 4. State-space vector diagram of a linear system.

electric circuits is frequently, but not always, the same as
the number of energy storage devices in the circuit, such
as capacitors and inductors. Accordingly, current flowing
through the inductor iy and voltage across the capacitor V¢
are the state variables since the proposed boost converter
consist of one inductor and one capacitor. State vector of the
system is written as:

]
=)= @

The state-space equations of the proposed boost converter
are written as:

di,
. dx dr
X dr dve X+ de
dt
Y= Vou =Cx @

Table 5. shows the analysis of the DBC in CCM and the
derivation of its averaged state-space equation.

Averaging of the state-space model is carried out by com-
bining ON and OFF set of equations as:

x = [A1D +A2(1 = D)] [x] + [B1D + B2(1 — D)] Ve

Vour = [C1D + C2(1 — D)] [x] )

Averaged system (A), input (B) and output (C) matrices are
derived by using steady-state duty cycle D as:

A=[AID+A(1-D)] =

[0 0 ] 0 -1
a=|, =L [p+| 5o la-py ©
- chm - Caut RCout
_ 0 0 (D; D
A=1 R‘CD tla-p o-n|~
- - Caut RCout
T (DL—l)
A=1 (1-p - @
— Cout RC()ut
1 1
B =[BiD+Bx(1-D)]=B=| L |D+| L |(1-D) (8)
0 0
D (1 — D) 1
B=| L |+ L =|L ©)
0 0 0
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TABLE 5. Derivation of averaged state-space equation for the DBC in
CCM.

[State 1: SW ON, D OFF] (Time interval: 0<t<dTs)
X =A%+ BV

¥ =Cx
0 0 1
41 =g __1iB1=Z]3C1=[0 1]
RCoyue 0
J.Cl 0 _01 X1 _
[)'C ] = 0 [xz] *L Vac
2 RCoue 0

Vout = [0 1] [;C;]

[State 2: SW OFF, D ON] (Time interval: dTs<t<Ts)
X = Azx + BZVdC

Y2 =Cox
[ o _Tl | 1
Azzll _1|i32=g};62=[0 1]
Cout RCout
. J— 1
X1| _ L X1 _
[552] S|l At [x2]+ 3 Vac
COut RCout
X1
Vour = [0 1] [xz]
C=[CID+C(1-D)]=
c=[0 1]D+[0 1]d-D) (10)
C=[0 D]|+[0 d-D]=[0 1] (11)
The equation for steady-state operating point is written as:
X =AX+BVg; =0 (12)
AX = —BVy, (13)
AT AX) = A" (-=BVy) = X = A7 (=BVy) (14)
-1 (1 — D)
_ adj (A) . RC, L
A 1 — d A — out
dera) A= p 0
C()ltl
1-D D-1 (D —1)2
det(A) =0 — X = (15)
Caut L CautL
-1 (1-D)
_ 1 RC L
1 _ out
A= o-12 | (D=1 0 =
CDM[L
C{)M[
B —L _Cout
2 _
0
L O-1)
1 Ve
B=| L |=BVy,= L 17
| 0 0

VOLUME 10, 2022

[
x=| Vc}
B —L —Cous

Ty — _Vdc
_ (DLI)R (D-1) [ 6]=>

(D—-1)

X = (18)

Small signal variations with the steady-state values are
represented as:

d=D+d; x=X+% y=Y +3; vae=Vae + s (19)

where the capitalized quantities represent the steady-state
values, and the carets are small perturbations. The state-space
and output equations included the perturbations are written
as:

f+i=[A1(D+d)+42(1-D=3)|[x+4]
+ [Bl (D + 21) +By(1 =D — El)] [Vie + Vac]
(20)
Vie+ ¥ = [C1 (D+2) + C(1 =D - D] [x+3] @D
Discarding the second order small signal variations in

Equation(previous) results in AC small signal (dynamic)
model of the system as the following:

X =A%+ [(A] —A)X + (B —B)Vy4ld  (22)
$=Ci+(C1—C)Xd (23)

The simplified representation of the state equation in Eq.
22 can be written as:

=A%+ Fd (24)

Variations of state variables to the duty factor can be easily
solved by applying Laplace Transforms as the following:

X

=[s] —A]"'F (25)
d

where notation I denotes the unit matrix which is the same
size as the averaged system matrix A and [s/ — A]~! is the
inverse of the matrix [s/ — A]. Converting from state-space
to transfer function is performed as the followings:
5x () =Ax (5)+[(A1 —A2) X +(B1—B2) V] d(s)  (26)
Vour (s) = Cx (s) + [(C1 — C2) X1d(s) 27
x ()= (sI—A)"" [(A1—A2) X +(B1 —B2) Vel d(s) (28)
Vour () =CI(sI — A" [(A] —A) X
+ (B1 — B2) Vaeld (5)]

+[(C1 — C) X]1d(s) (29)
Vou ) _ cris1 — Ay [(Ay — A2) X 4+ (B — B) V.
aG) [(s] —A)" [(A1 —A2) X + (B1 — B2) Vil

+[(C1 — () X] (30)
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TABLE 6. Open-loop step response characteristics of derived transfer
functions.

Step Response Simulink® Control State-space
Characteristics Design™ Averaging Method
Rise Time 0.0044 0.0042

Settling Time 0.0081 0.0078

Settling Minimum 68.8104 72.0324

Settling Maximum 76.4336 79.9377

Overshoot 0 0

Undershoot 85.1766 81.2702

Peak 76.4336 79.9377

Peak Time 0.0305 0.0151

—SLV ge+RVge(D—1)?
2 [LRCyu (D—1)*]+s[L (D—1)*]+R(1—D)*

(31)
_ (Rca;(‘gc—wz) s+l
—0.002s + 1 32

= 2.2¢— 0952 + 2.5¢ — 055 + 0.0125

Step response characteristics of the proposed boost con-
verter transfer functions derived by using Simulink@® Control
Design™ and state-space averaging techniques in terms of
open-loop is given in Table 6.

Open-loop step, phase and magnitude responses of the
transfer functions are given in Figure 5.

lIl. COMPARISON OF COMMONLY USED MATHEMTICAL
MODELLING TECHNIQUES

A mathematical model is a set of mathematical equations
that are used to describe control systems. These models are
useful for control system analysis and design. While analysis
of a control system means finding the output by utilizing the
input and the mathematical model of the system, designing
of a control system refers to determining of the mathematical
model by using the input and output of the system. Commonly
used mathematical models are differential equation model,
transfer function model and block diagram model. Figure 3.
shows the block diagram of the proposed boost converter
and the transfer function model has been derived by using
both Simulink® Control Design™ and state-space averag-
ing technique. The differential equation model is given in
Figure 6.

Open-loop simulation output voltages of three mathemat-
ical models of the proposed boost converter are given in
Figure 7. The figure shows that differential equation and
transfer function models’ transient responses resemble each
other but differential equation model has a steady-state
error. However, block diagram model exhibits better transient
response with a steady-state error.

IV. CONTROLLER AND REFERENCE MODEL DESIGN

Due to the boost converter’s intrinsic RHPZ, a voltage-mode
controlled boost converter operating in CCM is more diffi-
cult to stabilize compared to other DC switch mode power
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FIGURE 5. Time and frequency responses of derived transfer functions.

ON State

The output of the switch block is
the input voltage. In this stage,
the input voltage is equal to the
inductor current.

=&}

Pulse Switch Between
Generator States OFF State
Vdc A The output of the switch block is the
- inputand output voltages’ difference.
Input In this stage, the inductor voltage is The capacitor current
Voltage equal to this difference. is the difference of the
inductor and output

|
(NoT| VormVe

currents.

FIGURE 6. The differential equation model of the DBC.

supplies (SMPS) with Left Half Plane-zero (LHPZ). The
input voltage, output voltage, load resistance, inductance, and
output capacitance all affect the boost converter’s double-pole
and RHP-zero, further complicating the transfer function.
To ensure proper functioning, it is necessary to understand
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TABLE 7. The effects of Pl controller parameters on transient response.

Closed-loop Rise Time Overshoot Set'tlmg Steady-state
Response Time Error
Small
K P Decrease Increase Change Decrease
K i Decrease Increase Increase Decrease

the transfer function and have a mechanism to stabilize the
converter. Plants whose input-output transfer functions have
right half plane zeros are described as non-minimum phase
systems. RHPZs are the mathematical description of the non-
minimum phase systems. Physically, it refers to emergent of
undershoot or to the systems goes in the wrong direction
initially as impulse or step inputs are applied. Generation
of the undershoot can be considered as some amount of
time delay due to similar characteristics although it is not
exactly time delay in terms of mathematical representation of
the control systems. RHPZs have fundamental limits on the
robustness on the system such as limitation on the bandwidth
which is how fast of a change can be tracked. In this paper,
single PI, cascade PI and cascade PI controller-based model
reference adaptive controller will be designed and imple-
mented in the control of the proposed DBC. Additionally,
their performances will be evaluated regarding transient and
steady-state response characteristics.

A. PI CONTROLLER DESIGN

The mathematical model of the plant is appropriately
obtained by using both Simulink® Control Design™ and
state-space averaging technique to forecast its response and
observe its behaviors in both the time and frequency domains.
Control systems are planned and executed in this regard to
improve critical dynamic properties of the plant, such as
stability, response time, steady-state error, and oscillations
that make up the transient and steady-state. Because of its
features of being simple to design, easily comprehensible,
and very understandable, the Proportional-Integral (PI) feed-
back compensator structure is a commonly used controller.
The general effects of each controller parameter proportional
gain (K;) and integral gain (Kj) on a closed-loop system are
summarized in Table 7.
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The unity feedback structure of the proposed DBC is given
in Figure 8.

PI controller transfer function of the proposed DCB is
given in Eq. (33):

0.0114s +2.82
Gri(§) = ————— (33)

B. CASCADE PI CONTROLLER DESIGN

Cascade control is primarily utilized to ensure rapid distur-
bance rejection before it spreads to other parts of the plant.
As illustrated in the block diagram in Figure 9, the simplest
cascade control system has two control loops (inner and
outer). The inner loop of the proposed system is the transfer
function of duty ratio to inductor current which is derived by
using state-space averaging method as:

sx(5) = Ax () + [(A1 —A2) X + (B1 — B2) Va1 d(s) (34)
i, (5) = Cx (s) + [(C1 — C2) X1d(s) 35)
x(s) = (I — A (A1 —A2) X+ (B1—B2) Vald(s) (36)
i (s) = Cl(s] —A) ' [(A1 — A) X + (B1 — B2) Vil d (5)]

. +[(C1 — C2) X1d(s) (37)
lfl ((Ss)) = CI(sI —A) ' [(A1 —A) X + (Bl — B2) Vi)
+[(C) — C2) X] (38)
_ SRC s Ve +2Vae (39)
2 [LRC,ys (1—D)]+sL (1—D)+R (1—D)>
iL(s) 0.00176s + 40 “0)

d(s)  4.4e — 0952 + 5¢ — 055 + 0.025

Inductor current to output voltage transfer function is
derived as:

Vour (5)
Vour (5) _ d(s)A
i)
(RVdCUZ_LVdCS) (RU3+LSU+C01ALRO’SZ) 41
- (2Vae+ CourRVies) (RU4+LSVdc+CoutLRO'252)
44915



IEEE Access

C. Yanarates, Z. Zhou: Design and Cascade Pl Controller-Based Robust MRAC of DC-DC Boost Converter

_Vdc ) Vd[
PERN - — + —,

1 (D-1)?
2
4 ()5 +

i Viefioup

? : Adaptive Mechanism
V.

i(’ascadc PI Controller

FIGURE 10. The block diagram of proposed cascade Pl-based MRAC.

whereo is D — 1.

B —8.8¢— 125> —9.56¢— 085> +0.025
~ 3.872e—1253+1.32¢ — 075240.00102254-0.5

PI controller in the outer loop is the primary controller and
it regulates the primary control variable input voltage V. by
setting the set point of the inner loop. PI controller in the inner
loop is the secondary controller that ensures local disturbance
rejection before it propagates to the inductor current to output
voltage transfer function. For the proper functioning of the
cascade systems, the inner loop response must be faster than
the outer loop. In this application, the inner loop bandwidth is
selected 10 times higher than the outer loop bandwidth. Outer
and inner loop PI controller transfer functions are given in Eq.
43 and 44, respectively.

0.15s 4+ 1000

Gouter,PI(S) = f (42)
0.5s+5

Ginner,PI(S) = T (43)

C. CASCADE PI-BASED MODEL REFERENCE ADAPTIVE
CONTROLLER DESIGN
The control method employed by a controller which adapts
to a controlled system with varying or initially uncertain
parameters is known as adaptive control. Parameter esti-
mation is the foundation of the adaptive control, which is
an important constituent of system identification. In this
paper, the model reference adaptive controller (MRAC) is
implemented with cascade PI controller. The main com-
ponents of a MRAC system are the reference model,
the adjustment mechanism, and the controller. The pro-
posed cascade PI-based MRAC block diagram is given in
Figure 10.

In the proposed control scheme, the adaptation mechanism
adjusts the control action based on the error between the plant
output V,,; and the reference model output Vier(our) as:

¢ = (Vout - Vref'(aut))vrgf'(out) (44)

7 —
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TABLE 8. Calculated values of the reference boost converter model.

Par ters and Comp ts Value
Minimum Load Resistance (Q) 10
Steady-state Duty Cycle (D) 0.5
Maximum Average Inductor Current (4) 8
Maximum Average Inductor Current Ripple (4) 1.6
Inductor Value (mH) 0.3125
QOutput Voltage Ripple (V) 1.6
Capacitor Value (uF) 62.5

where @, Y and T, are adaptation parameter, learning rate
and sample time, respectively. The adjusted control signal
u is calculated as multiplication of output of the cascade PI
controller and adaptation parameter. The desired behavior of
the closed-loop system is obtained by using learning rate of
0.04 and sample time of 1/10f ,, seconds.

D. REFERENCE MODEL DESIGN
The steady state duty cycle of the plant in terms of input-
output voltage relationship is represented by

Vout _ 1
Vae ~ (1-=D)

(45)

The maximum average inductor current is represented by:

1L avg,max
B B R ‘r
out,min dc

The maximum average inductor ripple current is the 20%
of the average current that is represented by:

A]L = 02 X IL,avg,max (47)

Inductance value L of the inductor is represented by:
VD
JswAlL

Capacitor AV or output voltage ripple AV, is the 2%
of the average output voltage is represented by:

(43)

AVe = AV = 0.04 X Vo (49)

Capacitance value C of the capacitor is represented by:

C = VinD (50)
Rout,minffwAVC(l - D)
The calculated values of the reference boost converter
model parameters are given in Table 8.
Transfer functions of the reference model boost converter
and PI controller are given in Eq. 52 and 53, respectively.

—0.06255+50

4.88¢—08s2+7.813¢ — 055 + 0.625

0.000005s + 7.5
Gref.p1 (8) = —————— (52)

(S

Gref,DBC ()=
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FIGURE 11. The variations in the process dynamics.

E. DESCRITIZATION OF THE DESIGNED CONTROLLERS
AND REFERENCE BOOST CONVERTER TRANSFER
FUNCTION
The controller in digital control systems is implemented on
a digital computer, which means it will only run and have
access to measurements at specific and discrete times before
commanding the actuators. When a continuous system is con-
verted to a discrete system, information is lost, which might
have a detrimental impact on the proposed control system
performance. Furthermore, discrete systems introduce delay
into the feedback loop, reducing the controller’s bandwidth.
The bandwidth is an important parameter since it specifies
the maximum frequency at which the control system can
respond. Considering these difficulties, selecting a proper
discretization approach is critical

The zero-order hold (ZOH), first-order hold (FOH),
impulse invariant, bilinear (Tustin) approximation, and
matched pole-zero technique are some of the most preva-
lent discretization methods used in control systems. The
designed controllers and reference boost converter model is
discretized using the bilinear (Tustin’s approach) approxi-
mation. The most important argument for employing this
method is that it produces the best frequency-domain match
between continuous-time and discrete systems. The equation
employed in the approximation of the z-domain transfer func-
tion relating to its continuous form (s-domain) with sample
frequency one order of magnitude higher than the switching
frequency (T's = 1/10f,,) is given by the following equa-
tion:
STy A 1+ sTg/2

1 —sT,/2 (53)

z=¢e
V. STABILITY ANALYSIS OF THE PROPOSED CONTROL
SCHEME AND TIME DOMAIN PERFORMANCE
COMPARISON
An adaptive controller adapts to variations and adjusts to
changes in the process dynamics. In this regard, it must be
set up in such a way that one can handle all variations in the
system stated in Figure 11.

There are different techniques such as robust controller and
gain scheduling developed to deal with uncertainty explicitly.
Robust control approach is based on the ground of designing
controller with enough stability and performance margin that
it works sufficiently well across the entire range of expected

VOLUME 10, 2022
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FIGURE 12. The block diagram of the MRAC.

TABLE 9. The PI controller based MRAC parameters.
Name Parameter
Controller output Up;
Proportional gain K,
Intergral gain K;

Sample time Ts
Error e
Adaptation parameter 6
Plant output y
Reference model output Vm
Learning rate

Adjusted control signal u

variations. The problem associated with this approach is that
meeting requirements becomes more challenging as the range
of uncertainty grows. At this point, gain scheduling approach
can be considered as an alternative as it updates controller
gains in the event of system state changes. Although gain
scheduling works well for large variations, it does not work
well for unexpected variations since gain sets and states must
be known ahead of time. Adaptive control technique offers an
effective alternative to resolve the arising problems associated
with the use of both robust and gain scheduling approaches.
The block diagram of the MRAC is given in Figure 12.

Parameters of the MRAC shown in Figure 12. With their
names are given in Table 9.

The control equation of the MRAC is given as:

Tsz
z—1

up; (k) = [K,, + K; ] e(k) (54)

The adaptation mechanism whose function is control
action adjustment based on the error between the plant output
and the reference model output. The adaptation parameter
equation is given as:

—yTsz
z—1

0= (y - ym)Ym (55)

Designing principle of the MRAC by using MIT rule
requires identification of the reference model, the controller
structure, and tuning gains for the adjustment mechanism
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FIGURE 13. Tracking error of the system for varying learning rates.

[53], [54]. The formulations process of the MRAC begins
with definition of the tracking error e; given as:

€ =Y~ Ym (56)

A typical cost function of 6, J (0), is formed by using the
tracking error e; as the following [55]:

1 2
J(®) = 50 (57)

The MIT rule describes the relationship between the
change in theta and the cost function [56], [57]. To determine
how to update the parameter theta, an equation for the change
in theta must be created [58]. Assumed that the change in
J (0) is proportional to the change in 8, the MIT sensitivity
derivative equations is generated as [59]:

de 8J (0) Se;

A i 58
a - Vs Yerse (58)

The tracking error e; of the system regulated by implemen-
tation of the proposed Cascade PI controller based MRAC
scheme under varying learning rates (y = 0.1, 0.5 and 1) for
reference voltages of 30 V,40 V and 50 V applied at 0, 0.2 and
0.4 seconds, respectively is given in Figure 13. The tracking
error ¢; shows a tendency to become zero with a quick pace
with the increasing learning rates.

The converging trajectories of the adaptation parameter 0
for varying values of the learning rate y when a step change
from 30 V to 40 V is applied at 0.2 seconds as a controlled
input to the system is shown in Figure 14. Angle of inclination
for the adaptation parameter decreases and consequently con-
vergence of the adaptation parameter 6 increases for larger
values of y.

Actual voltage outputs of the system in response to the step
input voltages changing from 30 V to 40 V at 0.2 seconds
and 40 V to 50 V at 0.4 seconds is applied are given in
Figure 15.

For larger y values, the parameters’ convergence increases.
This demonstrates that the controller is functional and that
the equations have been correctly implemented. Larger val-
ues of y, on the other hand, cause the control transients to
oscillate as it can be seen in Figures 13, 14 and 15. The results
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FIGURE 14. Converging trajectories of the adaptation parameter for
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FIGURE 15. The plant output voltages for varying learning rates.

TABLE 10. Step response characteristics comparison of the controllers.

Step Reponse Single PI Cascade PI E:_ sl)c:i;
Characteristics Control Control MRAC
Rise Time 5.9¢-04 0.0012 0.0014
Settling Time 0.0079 0.0064 0.00145
Settling Minimum | 33.69 37.564 39.7
Settling Maximum | 40.164 44.697 41.485
Overshoot (%) 0.41 11.7425 3.7125
Undershoot (%) 3.16 0.1 0

Peak 40.164 44.697 41.485
Peak Time 0.001 0.0028 0.0025

of time domain performance analysis of the investigated and
proposed algorithms are given in Table 10.

Achieving a better tracking performance is possible with
higher values of y, however it leads to increase in the over-
shoot and choosing the best attainable value of the learn-
ing rate regarding requirements for the purpose of coherent
between performance parameters of the process such as rise
time, overshoot and settling time.
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FIGURE 16. Comparison of control techniques under varying loads.
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FIGURE 17. Comparison of control techniques under varying loads and
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VI. SIMULATION AND EXPERIMENTAL RESULTS
Verification and validation of the proposed Cascade PI-based
MRAC compared to the Single PI and Cascade PI controllers
have been presented to illustrate the proposed controller
scheme efficiency by considering the major concerns such
as complex dynamics of the DBC due to NMP behavior and
non-linearity. Additionally, the main issues in control system
designing, e.g., uncertainty, intended simplicity, stochastic
occurrences, and process variability have been considered.
Accordingly, the performance of the proposed control has
been evaluated by investigating three possible cases: (i) vary-
ing resistive loads, (ii) varying input voltages and (iii) varying
reference voltages by using MATLAB® and Simulink®.

Figure 16. shows the DBC output voltages with resistive
loads varying from 10 to 20 € (25% variation fo the nomi-
nal value). The proposed Cascade PI-based MRAC strategy
shows enhanced transient response with less oscillation.

Figure 17. shows the DBC output voltage waveforms in the
presence of both variable resistive load and different input
voltages varying between 15 to 25 V (25% variation of the
nominal value). Detrimental effect on the output voltage of
single PI controlled DBC has been particularly clear is a
result of implementing the load and input voltage variations
together The Cascade PI-based Reference Model Adaptive
control strategy shows enhanced transient response with less
oscillation compared to other control techniques.

Figure 18. shows the DBC output voltage waveforms with
reference voltages varying from 30 to 50 V (25% varia-
tion of the nominal value). In comparison to other control
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FIGURE 18. Comparison of control techniques for varying reference
voltages.
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FIGURE 19. Experimental set-up configuration for testing the proposed
cascade Pl-based MRAC.

systems, the Cascade PI-based Reference Model Adaptive
control strategy shows improved transient response with less
oscillation.

Figure 19. shows the block diagram of the experi-
mental set-up configuration for evaluating performance of
the proposed Cascade PI-based Model Reference Adaptive
Controller. The DC-DC boost converter, the electronic resis-
tive load for continuous DC voltage output, the DC voltage
source and the dSPACE real-time Interface (RTI) hardware-
in-the-loop (HIL) control panels (RTI 1007 processor board,
DS2004 High-Speed A/D, and CP4002 Timing and Digital
I/O boards) comprise up the overall system.

Test bench of the experiment is given in Figure 20. The
designed boost converter is connected with a 300 W pro-
grammable DC power supply (Tenma-72-2940 with 60 V
maximum output voltage and 5 A maximum out-
put current) which is used for DC input voltage.
Additionally, an adjustable bench power supply with 3 out-
puts (AL991A-48 W power rating, —15 minimum output
voltage and 415 maximum output voltage) is utilized to run
the converter and a DC electronic load (3362F High Voltage
DC Electronic Load 500V,60A,1800W) is used for setting
the output load resistance. The proposed Cascade PI-based
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FIGURE 21. Scaling circuits of output voltage and inductor current for
providing their integration with dSPACE control panel.

Model Reference Adaptive Control, Single PI and Cascade
PI Control methods developed by using MATLAB/Simulink
was implemented via dSPACE rapid control prototyping. The
RTT block of the Modular Hardware/DS2004 High-speed
A/D was used to convert the measured inductor current I
and output voltage V, as shown in Figure 19.

The converted Iy, and Vg, were then implemented in the
designed control techniques. Since the operating input volt-
age limits for DS2004 High-Speed A/D Board is specified
as ranging from —10 V to 410 V, actual input current and
output voltage are scaled down to meet the requirement. V oy
and I, were scaled down by a constant factor of 56 and 2.6,
respectively. The scaling circuits are given in Figure 21.

The PWM signal for running the boost converter was
generated using a regulated duty cycle in Simulink to attain
the desired terminal voltage. dASPACE MATLAB/Simulink
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FIGURE 22. Output voltage and inductor current waveforms of single Pl
controlled DBC.

300ms
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FIGURE 24. Output voltage and inductor current waveforms of the DBC
controlled with proposed cascade Pl-based MRAC.

PC-based simulation platform Modular Hardware/DS4002
Timing and Digital I/O Board was used to implement the
generated digital PWM signal.

Scaled output voltage and inductor current waveforms
during step change of the load (reference voltage change
from 25 V to 40 V) for the designed single PI controlled DBC
is given in Figure 22.

Scaled output voltage and inductor current waveforms
during step change of the load (reference voltage change
from 25 V to 40 V) for the designed cascade PI controlled
DBC is given in Figure 23.

Scaled output voltage and inductor current waveforms
during step change of the load (reference voltage change
from 25 V to 40 V) for the designed DBC controlled by
cascade PI-based reference model adaptive control technique
is given in Figure 24.

Application of the single PI controller for the boost con-
verter refers to voltage-mode control which also known as
duty-cycle control. This control scheme uses a single loop
to adjust the duty cycle in direct response to changes in
output voltage. Because of the boost converter’s inherent
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RHPZ, a voltage-mode controlled boost converter operating
in continuous conduction mode is more difficult to stabilise
and it means to have poor transient response with disturbance
occurrence as shown in Figure 22.

The cascade PI control of the boost converter refers
to current-mode control that contains two loops (an inner
current loop and outer voltage loop) with inner and outer
PI controllers. The cascade control system performs substan-
tially better in rejecting disturbance, although the set-point
tracking performances are nearly comparable, based on the
two response plots given in Figure 17 and 18. Moreover,
even if the RHPZ is at a low frequency, compensation for
cascade PI controlled boost converters is significantly easier
than compensation for single PI controlled boost converters.
Since the crossover frequency has no minimum requirement
in cascade control, the system can be stabilized regardless of
the RHPZ frequency. The inner current loop eliminates the
filter’s ringing frequency, and good performance is attained
even with a low voltage feedback loop crossover frequency.

The experimental results are consistent with the sim-
ulation outcomes. The suggested cascade PI-based refer-
ence model adaptive control technique compared to other
two methods improved transient response with considerable
disturbance rejection, according to both experimental and
analytical results.

VIi. CONCLUSION

A DC-DC boost converter with Cascade PI Controller-Based
Robust Model Reference Adaptive Control (MRAC) is pre-
sented in this paper. The boost converter’s non-minimum
phase behaviour owing to right half plane zero is a chal-
lenge, and its non-linear dynamics hinder the control process
while in continuous conduction mode (CCM). By combining
aspects of a cascade PI control loop with MRAC charac-
teristics, the suggested control strategy effectively overcame
complexities and challenges. Fundamental objective of inte-
grating MRAC to the cascade PI controlled boost converter
was to maintain consistent performance in the presence of
uncertainty, variations in plant parameters and non-linear
dynamics.

Using MATLAB/Simulink, the comparative analysis with
single PI and cascade PI controllers, the validity of the pro-
posed control system’s ability to track the desired signals and
regulate the plant process variables in the most beneficial and
optimised way without delay and overshoot is verified.

Furthermore, the suggested control scheme’s performance
as well as single and cascade PI controllers is experimen-
tally evaluated using MATLAB/Simulink/Stateflow on the
dSPACE RTI 1007 processor, DS2004 High-Speed A/D, and
CP4002 Timing and Digital I/O boards. The experimental
and analytical results show that the proposed control method
increased tracking speed by two times while also providing
better disturbance rejection.
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