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Abstract- Multiport DC—DC converters play an important role in energy conversion and integration in renewable energy source
(RES) systems and electric vehicles. In multi-source environments, conventional buck converters cannot combine voltages, and
using separate converters for each source is uneconomical. To address this limitation, researchers have developed multiport
converter topologies. This work investigates a Dual-Input Single-Output (DISO) buck converter with the PID controllers in the
feedback loop. There are a variety of tuning techniques available for tuning the gain parameters. Among them, two PID tuning
approaches are considered: response-based methods and transfer-function-based methods. The response-based approach is
further classified into Open Loop Transient Response (OLTR) methods and Error Performance Index (EPI) methods. The PID
gains for both voltage and current controllers are obtained using these tuning techniques, and their performance is evaluated
using time-domain and frequency-domain parameters. Results show that the IAE-2 PID tuning method provides the best
performance for the voltage controller, with an 81% difference in peak overshoot between the best and worst tuning methods.
For the current controller, the Min-IAE-Wang and Min-ITAE-Wang methods perform best. Although the peak overshoot
variation is only 1.2%, a significant difference of 176° in phase margin is observed. The analysis is carried out using
MATLAB/Simulink.

Keywords DC-DC converter, dual input single output (DISO), PID controller; open loop transient response (OLTR); and error
performance indexed (EPI).

1. Introduction achieve more efficiency in the conversion process and to
decrease the stress on power electronic switches. Multi-Input

The use of renewable energy sources in power generation ~ Multi-Output  (MIMO), and Multi-Input  Single-Output

has picked up recently, thereby promoting clean and green
energy. This also necessitates the development and utilization
of various power converters to enable the conversion of power
from DC to DC, DC to AC, and vice-versa. RES are
intermittent in nature, so voltage fluctuations are quite
common. Despite of fluctuations, to maintain constant output,
these power converters are very useful. Generally, the nature
of the current harvested from RES is DC in nature, so there is
a requirement for effective DC-DC converters [1].

Conventional DC-DC converter topologies like buck,
boost, and buck-boost are improvised by the researchers to

(MISO) converters [2,3] are introduced to facilitate the
integration of different RES and to reduce the count of
converters. These converters have the provision to integrate
more than one source at its input and provide a single output
or more based on the topology and requirement of the
consumer. This present work discusses about a Dual Input
Single Output (DISO) buck converter with an application to
electric vehicles. DISO converter belongs to the family of
multi-input single-output converters and it utilizes two input
sources and provides single output. Such types of converters
are used in hybrid electric vehicles [4], microgrids, Low/High
power solar PV systems [5], DC distribution systems, and
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military equipment [6] to name a few. These converters
integrate more than one source having different characteristics
and combine the advantages of both sources, such that the
efficiency and reliability of the converter are improved. In
case of integrating two or more RES sources, more than one
DC-DC converter is required and to integrate various sources,
a DC bus is inevitable. The multi-input converter can reduce
the number of converters and also helps in eliminating the use
of DC bus [7]. A multiphase interleaved bidirectional
converter is used for the EV application in [8]. The
nomenclature used in this work is given in Table 1.

Table 1. The abbreviations and their expansion used in present
work

Abbreviation | Expansion

RES Renewable Energy Sources
DISO Double Input Single Output
PID Proportional Integral and Derivative
MIMO Multi Input Multi Output

EVs Electric Vehicles

PHEVs Plug-in Hybrid EVs

FCEVs Fuel Cell EVs

BEVs Battery-electric Vehicles
HEVs Hybrid EVs

FC Fuel Cell

OLTR Open Loop Transient Response
CHR Chien-Hrones-Reswick

CC Cohen-Coon

EPI Error Performance Index

PV Photo Voltaic

ISE Integral Square Error

ISTE Integral Square Time Error
ISTSE Integral Square Time Square Error
ITAE Integral Time Absolute Error
ZNI1 Ziegler-Nichols - 1

WIC Wang-Jang-Chan

FOPID Fractional Order PID

T, Peak Time

T, Rise Time

T Settling Time

%0S Percentage Overshoot

Although the power electronic converters are
advantageous, they require a controller to provide a controlled
or regulated output and also for reliable operation.
Traditionally a PID controller is used in many of the
applications as it is flexible, easy to implement, and industrial
friendly. The PI and PID controllers are designed using the ZN
tuning method for the buck converter to control the battery
charging [9], to charge the E-scooters PV system, the boost
converter is controlled by PI controller [10]. A dc-dc buck
converter is controlled for Digital Peak current mode to verify
the robustness using a PID controller [11]. Tuning a PID
controller is an important task as the controller performance is
completely dependent on the controller gain parameters.
Different methods are available for tuning the PID controller
gain parameters and all the tuning methods are not suitable for
all applications. And one cannot say which tuning method is
suitable for an application without proper analysis.

A dual input high step-up converter with a reduced
number of switches is designed and analysed [12]. A PID
controller design for a 3-input 2-output MIMO boost
converter is presented in [13]. A single loop PID control for
a Cuk converter is proposed and tested with various tuning
methods with the conclusion that ITAE tuning methods
perform better than other PID tuning methods [14]. OLTR and
EPI tuning methods were tested on a PID controller to control
the output temperature of the heat exchanger [15], and
concluded that both the tuning methods provide satisfactory
control. PI controller for a liquid level system [16], was
designed using OLTR and EPI tuning methods for a faster
response. A PID controller was designed to have control over
the temperature in the heat exchanger with EPI tuning
methods and finalized that the ITAE method provide better
performance [17]. The PI and PID controllers were designed
for a buck-boost converter with the transfer function based
[18] tuning algorithms and it is concluded that the ITAE
method performed better. And the PID controller tuning
methods for applications such as aircraft cabin temperature
control [19], for Wind turbine systems [20], for industrial
heating furnace temperature control [22] are implemented.

In [21], a single closed loop control was implemented for
a dual input single output DC-DC converter (DISO) with a
PID and Fractional Order PID (FOPID) controller. It was
concluded that the FOPID controller provides a stable output
compared to a traditional PID controller. A Fuzzy PID control
for the same application was implemented in [22]. These
advanced controllers are computationally extensive even
though they provide good control. The classical PID controller
on the other hand can also provide good control with less
computational burden, and design flexibility if they are
properly investigated for better tuning methods. The present
work provides a complete analysis of the PID controller tuning
methods for a DISO converter. This is done using two closed-
loop PI/PID controllers for the DISO converter.

Recently, a new configuration of DISO converters was
proposed [23], in which integration of renewable energy
sources was highlighted. In [24], a modified DISO
Bidirectional SEPIC converter is proposed for Light EV
applications. Another type of DISO converter is described for
high reliability applications in [25] and studies the fault
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tolerance of the switches. They have used the PID controller
for a closed-loop control of the converter. A DISO converter
with a coupled inductor having a high gain converter is
proposed in [26], a PI controller was used for the controlling
scheme but there is no mention of tuning methods and design
of the controller. Some researchers designed the PID
controller for the chopper to control the speed of a DC
machine [27], Automatic load frequency control [28], and
Automatic voltage regulator [29], using several tuning
methods such as OLTR, EPI, etc.,

Tuning methods or algorithms play a vital role in
designing a classical PID controller, to find the appropriate
gain parameters which in turn are crucial for the functioning
of the converter. However, no work was reported on the design
of the PI/PID controller, analyzing different tuning methods
for the selected DISO converter configuration. It is essential
to analyze the tuning methods of a PID controller applied to a
DISO converter as the PID controller is easy to use and is
widely used in the control of switching circuits. The present
work deals with probing the DISO converter with a PID
controller with response-based tuning methods and transfer
function based tuning methods [30], to control the voltage and
current of the converter.

The organization of the manuscript is as follows: Section
1 deals with the introduction and literature review. Section 2
elucidates the Model of the converter. The implementation of
the PID controller with tuning algorithms & tuning methods
for both current control and voltage control is presented in
section 3. The computation of the time domain and frequency
domain performance indices are presented in section 4. In
section 5, the summary of the results is presented. The
conclusion of the work along with the analysis of the results is
presented in section 6, followed by the references in section 7.

2. Model of the Converter

The Electric Vehicles (EVs) are categorized as 4 types.
Battery-based Electric Vehicles (BEVs), Hybrid EVs (HEVs),
Plug-in Hybrid EVs (PHEVs), and Fuel Cell EVs (FCEVs).
The BEVs are comprised of rechargeable battery packs and
produce zero emissions. The HEVs and PHEVs have internal
combustion engines and produce harmful gases. The BEVs
and PHEVs depend on the electricity to get charged, which
burdens the power grid. FCEVs on the other hand are
independent of the power grid and are eco-friendly but
constrained by the cost of fuel used [31]. A grid-independent
powertrain architecture using the advantage of DISO
converter is shown in Fig.1. DISO buck converter integrates
the power generated by fuel cells and PV. This eliminates the
use of multiple dc/dc converters and effectively deals with
integrating power generated from both sources to generate a
constant voltage of 12 V. Different converters are also used
for harvesting power from PV to charge EVs [32]. This
voltage is used as a supply to auxiliary units such as the
dashboard display, the powering of sensors, and other
important electronic circuits in the EV. The induction motor
used to drive the transmission is powered by an inverter which
is fed through a boost converter and the input to this boost
converter is derived from the output of the DISO converter.
The circuit diagram of a dual input single output (DISO) buck

converter is shown in Fig.2. The DISO converter is fed from
two voltage sources with different magnitudes, two power
switches, two diodes, an inductor, and a capacitor [33]. Based
on the way switches S; and S, are switched ON and OFF, the
converter could operate in 4 different modes. Different modes
of operation of the converter are given in Table 2.

DCLine
12v

Auxiliary
Loads .
PV DISO H
DC-DC I
N DC-AC -
Buck Boost _:_I_' Inverter |
Converter Converter

- 200v/~230v

Janiwsued)

[—> Battery

Fig. 1. Schematic of an EV with DISO converter.
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Fig. 2. DISO Buck converter circuit diagram.

Table 2. Relation between the condition of the switches and
the mode of operation

Mode S1 S, Inference
I ON ON V., =V,+V,
II ON OFF vV, =V
11 OFF ON V.=V,
v OFF OFF Vo=0V

Assuming Vi >V and Vo > V>, the converter operates at
a condition of di < d» where d; and d, are the duty cycles of
the gate driving circuits of power switches S; and S,
respectively. In this case, the voltage source V> is considered
as a primary source, this results in the converter operating in
modes I, III, and IV. The schematic of the converter operating
in modes I, III, and IV are shown in Fig.3.

In mode I, the two switches are ON, and the diodes are
open-circuited. This results in current flowing through the
inductor to the load and thus resulting in output voltage which
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is the sum of two voltage sources. This condition is shown in
Fig.3(a). The differential equations governing the two state
variables i; and vc are given in Eq. (2) and (4).

V, ==V +V,+V,

(1)
di, 1
Lo (el ) @)
e =1, =1, (3)
dv. 1(. V.
7525[%7‘} @
L
S1
L
| i | L
1Yl
] +
J. 3 .
Vi —T—
VosVieVz
c
prmm— RL

V2 =1

S2
Fig. 3(a). Schematic of DISO converter operation in Mode-I.

In mode-III, Whenever switch S; is turned OFF and S; is
turned ON, diode D; is in conduction mode and the current
from source V> flows through the diode and inductor. The
inductor current and capacitor voltage relations for the
converter operating in mode-III are given using Eq. (5) and

Eq. (6).

di, 1

d :Z(Vz_Vc) 5
do _1f, V.
2otk ©

In mode IV, both the switches are turned OFF and the
energy stored in the inductor is discharged through the load by
turning the diodes D and D, ON. The relations for inductor
current and capacitor voltage for the DISO converter operating
in mode-IV are given in Eq. (7) and Eq. (8).

NG @
dv. 1 V.

e __|; Lo 8
dt C[ZL RLj ®

From each of the modes of operation, the state-space matrices,

of the converter are derived. The state variables for these
matrices are the characteristics of energy storage elements
used in the converter, which are the inductor current and
capacitor voltage.

D1

Vo =V2

st

1P

v: T

Fig. 3(b). Schematic of DISO converter operation in Mode-
I1I.

Vo = Ov

||
1P

RL

A,

2

Fig. 3(c). Schematic of DISO converter operation in Mode-
Iv.

2.1. State Space Averaging Model

The acquired State space matrices from 3 operating
modes are combined by multiplying them with their
appropriate duty cycles, as described in Eq. (9) - (12). After
the estimation, the obtained matrices of the averaged state
space model for the discussed converter are provided in Eq.

(13).

A=Ad, + 4,(d,—d,)+ 4,(1-d,) ©9)

B=Bd, +B,(d,—d,)+B,(1-d,) (10)
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Fig. 5. Various types of PI/PID tuning methods implemented in present work.

C=Cd, +C,(d,~d,)+C,(1-d,) (11)

D=Dd, +D,(d,-d,)+D,(1-d,)

where,

(12)

Ay, Bi, Ci, and D, are the state matrices of operating Mode I,
As, B3, C3, and Ds are the state matrices of operating Mode 111
and A4, Ba, Cs, and D; are the state matrices of operating Mode
IV.

By solving the above equations, the final matrices of the
state space averaged method are obtained as described in Eq.
(13), this will be used to get the transfer function of the
converter. For the purpose of current control, element (1,1) is
the appropriate transfer function, and for the voltage control,
element (2,2) is considered. This is because the transfer
function represented by the diagonal elements of the matrix
‘TF’ will have a direct impact on the output with respect to the
corresponding input.

-1
o - 11 10

A= sB=|1 L ;C:{ j;D=[0] (13)
1 - 01
- 0 0
C RC
Lo Ve
dl dl

TF =|" (14)
Ve
dZ dZ

The design specifications of the converter are V=12V,
Vo=5V,L=330mH, C=470 uF, R;=10 Q, and Vo=7 V.
The transfer functions represented by the diagonal elements in
Eq. (14), are derived and are given in Eq. (15) and Eq. (16).
These transfer functions will be used to design the 2-loop
control of the DISO converter and are specific to this converter
for the considered design specifications.

V.  3224x10°

d, s> +212.85+6647

15)

i 3636s5+7737
d, s*+212.85+6647

(16)

3. Implementation of the PI/PID Controller

The schematic of a two-loop control of the DISO buck
converter is shown in Fig.4. The two loops regulate the
inductor current i; and output voltage Vy of the system. In the
outer loop, the output voltage is fed back and compared with
the reference voltage, and the error signal is fed as input to the
PI/PID controller. This controller adjusts the gains, provides
the current reference signal, and generates control input d>
which is the duty cycle for the switch S;. The measured
inductor current of the converter is given as feedback and is
compared with the reference signal that comes from the first
PI/PID controller and generates the second error signal. This
error signal is fed to the second PI/PID controller to generate
control signal d; which is the duty cycle for switch Si. Thus,
the two closed loops govern the two state variables.

Current control loop

dy

Veer +,
rcf

Converter

Voltage control loop

Fig. 4. Block diagram of two-loop control of Dual Input
Buck converter.

Numerous PI/PID gain tuning methods are presented in
Fig.5. The mathematical equations used to generate control
signal u(¢) for a PI and PID controllers are given in Eq. (17)
and Eq. (18) respectively.

u(ty=K,e,(t)+ K, le, (t)dt (17)

u(ty=K,e,(+K,Je (t)dt +K, %ed (1) (18)
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where K, K; and K, are the gain parameters corresponding to
the P, I, and D components of a PID controller. The PI
controller gains tuning methods are broadly classified into
response-based methods and transfer function based tuning
methods. Response based methods are in general applicable to

loo
any type of system and should be implemented in open P

configuration. Transfer function based methods are specific to
the type of sytem and the gain tuning methods depend on the
system gain and response characteristics.

3.1. Response based Tuning Methods

In response-based tuning methods, the gains K, and K; are
calculated from the step response of the system. This should

be done without incorporating any feedback paths as shown in
Fig.6(a).

System
Ste Output
in Et | Transfer — res Iz)nse
P Function p

Fig. 6(a). Open Loop Transient Response (OLTR) method.

From the output response, the parameters such as
stationary gain (Kj), Slope of a tangent line (M), dead time
(T4), and time constant (z.) as depicted in Fig.6(b).

Using the measured values from the step response, the
controller gains can be computed. There is a slight difference
in the computation of controller gains when different sub-
methods such as Ziegler-Nichols (ZN1), Wang-Jang-Chan
(WIC), Chien-Hrones-Reswick (CHR), and Cohen-Coon
(CC) methods are used. The Transfer function of the converter
to design the voltage controller and the transfer function of the
converter to design the current controller are given in Eq. (15)
& Eq. (16) respectively. The process of finding K, and K;
values using the error performance index (EPI) method is the
same as that used for the OLTR method. Integral Square Error
(ISE), Integral Square Time Error (ISTE), Integral Square
Time Square Error (ISTSE), and Integral Time Absolute Error
(ITAE) methods are some of the ways in which the controller
gain parameters are computed. The controller gain values
computed for a PI controller using OLTR and EPI methods for
both voltage and current regulation and respective values are
tabulated in Table 3.

3.2. Transfer Function-based Tuning Methods

Transfer function-based methods compare the transfer
function of the system under consideration with the standard
transfer functions and thus compute the gain parameters of the
PID controller. To implement the two-loop control system, the
transfer functions of the two state variables are supplied with
step input signal, and PI/PID controller with unity feedback
separately as depicted in Fig.7(a) and Fig.7(b).

By looking at the model of the transfer function, the self-
regulating process methods presented in [30] can be
implemented to estimate the gains of PID controllers. Some of
the applicable tuning methods are implemented for both the
converter transfer functions and estimated K, K; and Ky
values are tabulated separately in Tables 4 & 5 respectively.

Table 3. PI controller gains for OLTR and EPI methods

Voltage Current
Method Controller Controller
K, Ki K, K;
ZN 9.843 | 3699.024 | 0.183 0.356
WIC 71524 3464.593 | 0.114 0.0029
CHR 3.828 | 3955.967 | 0.0715 0.381
CC 10.03 | 3932.213 | 0.0102 | -0.027
ISE 3.762 | 215.425 0.128 0.0039
ISTE 3.740 | 181.335 0.127 0.0032
ISTSE | 3.554 | 170.449 0.122 0.0032
ITAE 2.977 | 116.704 0.09 0.0029
K i/— Tangent line
—— S M - _'3 __________
§ ‘Where,
. K, = Stationary Gain
3 M = Slope of tangent line
i T4 = Dead Time
! T. = Time constant
._le:'_,' T,

Fig. 6(b). Implementation of OLTR and EPI.

+ 3.224 x 10*
J_ 52421285 + 6647

Fig. 7(a). Schematic for Voltage control of the converter.

+ 36.365 + 7737
J_ S+ 212.8s + 6447 >

Fig. 7(b). Schematic for Current control of the converter.
4. Performance Analysis of the Designed Controller

To know the performance of the designed controller and
the efficiency of the tuning method some performance indices
are evaluated in this section. They are time domain analysis
and frequency domain analysis. These two are illustrated
separately along with their performance indices tables in this
section.
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4.1. Time Response Analysis

controller
3 Variation of the output response to time is known as Time
. Method K, K; Ku domain Response. Time response indices are Peak Time (7},),
No. Rise Time (7), Settling Time (75), and Percentage Overshoot
1 Min. [AE- 1.94 67.761 (%0S). Practically the output response consists of a Transient
: Lopez 1 : ) ) period and steady state period. By evaluating these time
Min. IAE- response indices, one can know how much time the system is
2. Shi n'sk ey 1 0.8088 | 250.7 - taking to reach the steady state. Here, the lesser the transient
Min IAE 124150 period indicates that the system will reach the desired output
3. 1n-. . 3 ) - more quickly, and is efficient. The time response parameters
L'opez 2 94 are computed for voltage control of a DISO converter using
4 Min. IAE- 4743 275.8 ) the K, K; and K, parameters from Tables 3 — 4 and are given
' Shinskey 2 ' ' in Table 6. From Table. 6, it can be noted that among OLTR
Min. ISE- 156.83 methods, only the WJC method has provided the time
3. Lopez 1 4.1 03 : response parameters whereas the PID parameters computed
- 12316 using other OLTR methods have not provided a stable output.
6. Min. ITAE- 23 . - The response of the DISO converter with K, K; and Ky
Lopez 1 92 parameters computed using OLTR methods is given in
. 221.01 | 31.382 Fig.8(a) and Fig.8(b). The response with parameters computed
7. 0.248916 : e : .
Albaro Ruiz 51 x103 using the EPI methods is depicted in Fig. 9.
8 Min. TAE- 7 562.29 0.0191716 Table 6. Calculated time response parameters for Voltage
Lopez 3 42 control
Min. ISE - 2.9071
9. 7.6 0.02365 S.
Lopez 2 x103 No Method T, T, T %0S
Min. ITAE- 498.03 :
10. Ilipez ) 6.2 ) 0.013507 Open Loop Transient Response-based methods
1. ZN-1 Unstable
11, IAE 2 134 | 4467 | 1.087x10?
(Gallier) 2. wiC 1002 [ 0.001 | 1.042 | 82.1
- 3
12. Wilton 1 0.9798 | 29.69 | 4.605x10 3 CHR Unstable
- 3
13. Wilton 2 0.4243 | 12.86 | 1.994x10 4. cC Unstable
Van Der 2
14. Grinten 8.283 248 | 5.301x10 Error Performance Index-based Methods
165.31 5. ISE 1.009 | 0.004 | 1.041 50.6
15. Pemberton 5.4555 1160.7447
82 6. ISTE 1.009 | 0.004 | 1.041 | 47.5
t6. | Chidamba o 3069 | 45152 | 317379 7. | ISTSE | 1.009 | 0.004 | 1.042 | 457
. 8. ITAE 1.011 | 0.005 | 1.043 39.1
Table 5. Transfer function based PID parameters for the
Current controller Transfer Function-based Methods
Min. IAE-
S. 9. m 1.013 | 0.006 | 1.034 | 29.7
No Method K, K Ka Lopez 1
. Min. IAE-
1. | Chienetal | 0.1307 | 4.785 - 101 Shinskey 1 Unstable
Khodabak ;
Min. TAE-
2. | hshian& | 8246 | 115% ] | 1.011 | 0.005 | 1.045 | 435
Golbon 10 Lopez 2
: Min. IAE-
Chidambar 2.067x 12. 1.008 | 0.003 | 1.048 | 54.9
3. o 0.4398 | 13.33 Lo3 Shinskey 2
i . Min. ISE-
4, | Chidambar |, o3 102 | 03641 | 2718 13. n 1.008 | 0.004 | 1.039 | 454
am 2 10 Lopez 1
Min. IAE- Min. ITAE-
5. Wang 11.98 128.5 | 0.1283 14. 'L‘:)pez | 1013 | 0005 | 1048 | 402
Min. ISE- 8.589%
6 | Wang 8203 | 88.02 | "7 15. | Albaro Ruiz | 1.001 | 0.001 | 1.083 | 95
- Min. IAE-
7. | MRITAE- 1y 60 | 1254 | 01252 16. | o 1.006 | 0.002 | 1.038 | 61.6
Wang Lopez 3
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Min, ISE -
17. Lopez 2 Unstable
pg, | MinITAE- 1 G001 0,002 | 1.041 | 606
Lopez 2
19. IAE 2 1.012 | 0.005 | 1.031 | 142
20. | Wilton1 | 1.016 | 0.009 | 1.041 | 65
21. | Wilton 2 0 |0028]| 1.07 0
2. | YanDer 605 | 0.002 | 1.03 | 547
QGrinten
23. Pemberton Unstable
a4, | Chidambara | 0 |1.025]| 952
m
wf o | ]
16} | 1
14} LNV\NVU‘AW
E‘ 12} 104 108
g
EU.B r
> 06
04}
0.2}
Dd 0;5 1 '1:5 2I 2:5 C‘i 3-5 r; 4‘5 5

Time (sec)

Fig. 8(a). Output response of voltage controller with WJC
method.

x102%

T T T T T 05 T T T _J
8 ZN

494 496 498 5

Voltage (per unit)

0 0.5 1 15 2 25 3 35 4 4.5 5
Time (sec)

Fig. 8(b). Output response of voltage controller with ZN-
CHR-CC methods.

The response of the closed loop DISO converter with PI
gain parameters computed using transfer function based
tuning methods in Fig.10. Among the 6 PI tuning methods, the
Min [AE-Shinsky 1 tuning method has not provided a stable
output. Fig. 11. illustrates the output response of transfer
function based PID tuning methods, Min. ISE-Lopez 2 &
Pemberton methods do not provide stable response.

Table 7. shows the time response indices for the current
control of the DISO converter. The PID controller parameters
are computed using different tuning methods and these values
are used in closed-loop control to compute the time response
indicators.

The illustrations of the step response obtained by using
the PID parameters computed by OLTR methods for current
control are depicted in Fig.12. The illustrations for the
response obtained using EPI methods are depicted in Fig.13.
The responses for transfer function based tuning methods with
PI controller are depicted in Fig.14, and the responses with
PID controller are depicted in Fig.15.

Voltage (per unit)
&
=

I 1 I L | | |
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (sec)

Fig. 9. Output Response of voltage controller with EPI
methods.

Table 7. Time response parameters for current control

S.
Method Ty T: Ts %0S
No.

Open Loop Transient Response-based methods
1. ZN-1 1.544 | 0.203 | 2.469 14.5
2. WIJC 7.296 | 0.531 | 1.958 0
3. CHR 1.695 | 0.277 | 3.07 39.5
4. CcC Unstable

Error Performance-Based Methods
5. ISE - 0.479 | 1.849 0
6. ISTE - 0.481 | 1.865 0
7. ISTSE - 0.497 | 1.891 0
8. ITAE - 0.67 2.193 0
Transfer Function-based Methods
9. Chien et al 1.217 | 0.08 | 2.502 | 59.8
Khodabakhs
10. hian & 1.021 | 1.007 | 1.068 3.6
Golbon
pp, | Chidambara |y o) 0 0ag | 1489 | 367
m 1
1, | Chidambara |y Soc) 6301 | 8202 | 667
m 2
13, | MITAE- 66 10002 | 1015 | 12
Wang
1q, | MInISE- o0 | 0005 | 1018 | 18
Wang
15, | MTTAE- on 0003 | 1015 | 13
Wang
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Fig. 10. Output Response of voltage controller with Transfer

Function based methods (PI).
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Fig. 11(a). Output Response of voltage controller with

Transfer Function based methods (PID).

4.2. Frequency Response Analysis

The frequency response of the system is the combination
of magnitude and phase responses. These plots can be drawn
separately. The magnitude plot is drawn in dB (decibels) with
respect to the frequency, and the phase plot is drawn in degrees
(angle) with respect to the frequency on the imaginary axis. If
these plots were drawn as a function of log @ such plots are
called Bode Plots. From these plots, one can analyze the

stability of the system to be controlled.
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Fig. 11(b). Output Response of voltage controller with

Transfer Function based methods (PID).
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Fig. 13. Output response of current controller with EPI

tuning methods.
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Fig. 14. Output response of current controller with Transfer

Function-based PI tuning method.
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The bode plots are drawn for all the mentioned tuning
methods and calculated for the Phase Margin and the status of
the stability. The Gain Margin for the considered transfer
functions was not determined because the transfer function
already has a high gain so the phase curve does not exceed 180
degrees. The frequency response parameters for the DISO
converter voltage controller are tabulated in Table. 8 and
Table. 9 gives the frequency response parameters for the
current controller. The frequency responses of the DISO
converter with voltage controller are shown in Fig.16 — Fig.18.
The illustrations of the frequency response with OLTR tuning
methods and EPI tuning methods are depicted in Fig.16 &
Fig.17 respectively. In which the WJC method is showing a
stable response in OLTR methods and all the EPI methods are
showing stable response. Fig. 18. illustrates the frequency
responses with Transfer function-based tuning methods for PI
& PID controllers. Among all the tuning methods of voltage
controller, the transfer function based tuning methods with
PID controller show the highest stability such as Van Der
Grinten, IAE 2, and Wilton 1.

Table 8. Frequency response parameters for the Voltage
controller

i Phase Margi
SNO | Method ase VArgit | Stability
. (deg)
1 ZN-1 199 No
2 WIJC 8.78 Yes
3 CHR -80 No
4 cc 216 No
5 ISE 36.4 Yes
6 ISTE 38.9 Yes
7 ISTSE 40 Yes
8 ITAE 46.6 Yes
9 Min. IAE- 60.5 Yes
Lopez 1
Min. IAE-
101 Shinskey 1 156 No
1 | Min TAE- 43.9 Yes
Lopez 2
Min. IAE-
12 22 Y
Shinskey 2 3 °
13 Min. ISE- 39.7 Yes
Lopez 1
14 | Min ITAE- 48.1 Yes
Lopez 1
15 Albaro Ruiz 2.74 Yes
16 | Min TAE- 26 Yes
Lopez 3
17 | MinISE- -7.06 No
Lopez 2
1g | Min ITAE- 272 Yes
Lopez 2
19 IAE2 156 Yes

79.8
136

20 Wilton 1 Yes
113

21 Wilton 2 Indeterminant No
177

gp | VanDer Yes
Grinten 291

23 Pemberton 0.414 Yes

24 | Chidambaram 2.51 Yes

Table 9. Frequency response parameters for the Current
controller

Phase
S.No. Method Margin Stability
(deg)
1. ZN-1 139 Yes
2. WIJC Indeterminant No
3. CHR 89.8 Yes
4, CcC Indeterminant No
5. ISE Indeterminant No
6. ISTE Indeterminant No
7. ISTSE Indeterminant No
8. ITAE Indeterminant No
9. Chien et al 54.2 Yes
Khodabakhshian
10. & 163 Yes
Golbon
11. Chidambaram 1 97.4 Yes
12. Chidambaram 2 42 Yes
13. | Min. IAE-Wang 176 Yes
14. Min. ISE-Wang 175 Yes
15. Mn. ITAE- 176 Yes
Wang

The frequency responses of the DISO converter with
voltage controller are shown in Fig.16 — Fig.18. The
illustrations of the frequency response with OLTR tuning
methods and EPI tuning methods are depicted in Fig.16 &
Fig.17 respectively. In which the WJC method is showing a
stable response in OLTR methods and all the EPI methods are
showing stable response. Fig. 18. illustrates the frequency
responses with Transfer function-based tuning methods for PI
& PID controllers. Among all the tuning methods of voltage
controller, the transfer function based tuning methods with
PID controller show the highest stability such as Van Der
Grinten, IAE 2, and Wilton 1. Figures 19 — 21 illustrate the
frequency responses of the DISO converter with the current
controller. Among all the response based tuning methods only
ZN-1 and CHR methods showed the stable frequency
response (Fig.19 & 20). The frequency responses of the
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transfer function-based methods are illustrated in Fig.21
separately for PI and PID controllers.
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Fig. 16. Frequency response of voltage controller with
OLTR methods.
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Fig. 18. Frequency responses of voltage controller with the
Transfer function-based tuning methods.
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Fig. 20. Frequency responses of Current controller with EPI
methods.

Among all the tuning methods that are implemented for the
current controller, IAE-Wang, ITAE-Wang, and ISE-Wang
show the highest stable responses than others.

5. Summary of Results

In this section, the best tuning methods are nominated
based on the following assumptions. The lower the PID
controller gain, the better the tuning method, since higher gain
values lead to increased hardware implementation costs. From
the time response parameters, the best tuning method requires
the peak overshoot to be low, as higher peak overshoots may
result in hardware damage. The rise time and settling time
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parameters are important parameters that give us information
regarding the response time of the converter and also how long
the converter takes to settle.

Typically, these values should be lower. From the
frequency response analysis, the gain margin and phase
margin are derived. All the frequency response based tuning
methods have resulted in a very high gain margin. So, phase
margin is considered to discuss the stability of the converter.
The larger the phase margin, the better the stability. In Tables
10 and 11, the time domain parameters (Rise time, Settling
time, and %Overshoot) and frequency domain parameters
(phase margin) of a DISO voltage controller and current
controller are presented.

Table 10. Summary of best tuning methods for Voltage
controller

Parameter
Tuning PhasF T: Ts %O0S
Margin
methods
Van Der 177 | 0002 | 1.03 | 547
Grinten
IAE 2 156 0.005 1.031 14.2
WIC 8.78 0.001 1.042 79.2
Albaro Ruiz 2.74 0.001 1.083 95
Chidambaram 2.51 0 1.025 95.2
. Not
Wilton 2 Stable 0.028 1.07 0

Table 11. Summary of best tuning methods for Current
controller

arameter
Phase °
Huning Marsin T, T, | %0s
methods
Min. IAE- 176 0.002 | 1.015 | 12
Wang
Min. ITAE- 176 0.003 | 1.015 | 13
Wang
WIC Not Stable | 0.531 | 195 | 0
ISE Not Stable | 0479 | 1.849 | 0
ISTE Not Stable | 0481 | 1.865 | 0
ISTSE | NotStable | 0497 | 1.891 | 0
ITAE Not Stable | 0.67 | 2193 | 0

6. Conclusion

The present work aims to design an efficient two-loop
PI/PID controller for a dual input single output buck (DISO)
converter. The tuning methods to compute gains of P, I, and D

controllers to control the output voltage of the DISO converter
by implementing voltage and current control loops
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Fig. 21. Frequency responses of Current controller with
transfer function-based methods.

are presented. Response-based (OLTR and EPI) and transfer
function-based, tuning methods are implemented for both
voltage control and current control. The efficacy of the
implemented methods is evaluated by computing time domain
and frequency domain performance indices.

Assuming the controller gain as the performance metric,
the ITAE method is preferred as it offers lower gain values
with the PI combination. Wilton 2 tuning method has provided
a lower gain solution when the converter is controlled with a
PID controller for the voltage control loop and Chidambaram
2 tuning method offered a better gain for the current control
loop.
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From the time response parameters, the Wilton 2 tuning
method has provided a lower peak overshoot and lower peak
time. And Chidambaram tuning method provided a lower rise
time and lower settling time. Thus, both methods can be
considered as superior for voltage controller. For the current
controller, all the EPI methods have provided the best
performance in terms of peak time and peak overshoot. The
tuning method IAE — Wang has resulted in a lesser rise time
and lesser settling time. Thus, EPI methods and IAE — Wang
method can be considered as the superior.

From the frequency response analysis, the Van Der
Grinten method shows superior performance in the case of a
voltage controller. IAE — Wang and ITAE — Wang methods
gave the highest and equal phase margin value in the case of a
current controller.

The performance of the tuning methods when analyzed by
considering all or a combination of the time and frequency
domain parameters, gives a different view when compared to
analyzing the performance concerning individual parameters.

In the case of a DISO converter, the peak overshoot is
considered an important parameter. If the converter is
improperly handled with high overshoot, it can physically
damage the converter. For DISO current controller, 1.2% of
peak overshoot is reported for IAE — Wang and ITAE — Wang
methods of PID tuning. Also, the phase margin of 176° is
computed which gives us the information that these methods
provide low peak overshoot with high stability. In the case of
the voltage controller, a peak overshoot difference of 81% is
observed between the best and the worst PID tuning method
along with a phase margin of 156°. This is observed when the
voltage controller is tuned with the IAE-2 method.
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