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Abstract— This paper comprises the design of fractional-
order proportional-integral (FOPI) controller for dc-dc power
converters. Dominant-pole based control technique is used for
tuning the parameter values of FOPI controller. To achieve the
desired time-domain performances, two equations are derived
and solved to obtain values of proportional and integral
coefficients of FOPI controller in terms of dominant poles. The
control scheme is implemented on second-order power
converters, namely dc-dc buck converter and dc-dc boost
converter. The simulation results of FOPI controller are
compared with integer-order Pl (IOPI) controller and it is
found that FOPI controller performs comparatively better.

Keywords- Buck converter, Controller design, Dominant poles,
Fractional-order controllers, PI controller.

I. INTRODUCTION

In the past decades, the design of a controller for different
power electronic converters in the industry has increased
massively. The dc-dc converters find many applications in
modern electronic systems such personal computers,
medical instruments, portable electronic  devices,
communication equipment, etc. The development of dc-dc
converters are enriched with many challenges such as
compactness, reliability and excellent robust quality [1]-[3].
Conventional controllers for power converters used in
industries are integer-order PI/PID because of its simplicity
and acceptable performance [4]-[8]. However, to further
improve the performance of dc-dc converters, researchers
are looking towards new methods for designing these
controllers. Thus designing robust and highly reliable
controllers with the better dynamic response, lesser
overshoots and undershoots, less settling time, reduced
steady-state error are great challenges for the researchers.

Numerous algorithms have been developed for tuning and
designing of PID controllers depending upon the
applications in industry [9], [10]. Several tuning methods
are present, but they have some restrictions. These methods
either do not give desired tuning parameterizations or do not
fulfill desired performance criterion for the control system.
On the other hand, research on fractional-order Pl (FOPI)
controllers is progressing. The researchers have suggested
different methods for tuning of the parameters of these FOPI
controllers [11]-[13]. Fractional-order PI controller (FOPI)
is a generalization of the conventional integer-order PI
controller. It is usually denoted by PI*, where 1 is a
fractional coefficient to the integral term of the conventional
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Pl controller, thus further increasing the complexity of
tuning these parameters.

A simple approach is presented in this paper to tune the
parameters of FOPI controller for dc-dc buck converter and
boost converter. The controller’s objective is to fulfill the
desired time-domain performances of compensated dc-dc
converters. The parameters of FOPI controller are tuned
based on the dominant pole placement method [14], [15].

In the dominant pole placement method, a pair of desired
poles is obtained in terms of specified time-domain
performance specifications of dc-dc converters. These poles
are termed as dominant poles. As the transient performance
of any control system is mainly exhibited by dominant
poles, so they can be used for control system analysis and
design. Therefore, the control problem is formulated to find
out the parameters for the FOPI controller corresponding to
the dominant roots of the closed-loop characteristic
equation. The values of FOPI parameters are derived in
terms of these dominant poles. The performances of tuned
FOPI controllers for dc-dc buck and boost are analyzed and
compared with integer-order PI controllers.

The remaining contents of the paper are arranged as follows.
The mathematical models for dc-dc buck and boost power
converter are derived in section Il. In section Ill, the control
strategy is mentioned where dominant poles calculation and
FOPI controllers have been designed for both the
converters. Section IV depicts the FOPI controller design
example for buck and boost converters and its simulation
results. The conclusion is presented in section V followed
by references.

Il. MODELLING OF DC-DC BUCK AND BOOST CONVERTER

A. Buck converter

The power configuration of an ideal dc—dc buck converter is
shown in Fig. 1. It has a switching device (MOSFET) S,
inductor L, diode D, capacitor C and load resistor R. For
simplicity, the parasitic resistances of different elements, i.e.
equivalent series resistances (ESRs) of inductor and
capacitor, diode forward resistance, switch on-resistance
have been neglected. The converter has switching frequency
f, duty cycle D. The switch (MOSFET) is ON for a DT
duration and OFF for a duration of (1-D)T, where T is time
period of one switching cycle (T=1/f). In continuous
conduction mode (CCM), the converter operates in two
modes, which are discussed below [16]:



Fig. 1 DC-DC buck converter

(1) Mode-1: when MOSFET is ON (0<t<DT)

In this mode, the diode is open circuited as it is in reverse
biased condition, during this state, the inductor charges
through input voltage V4 and the inductor current (i)
increases.

The state equations for this mode are

di
Ld—tL:Vg—v0 )
dv, . v
cC—2Ll=ij-=2 2
& "R (2
In matrix form,
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(2) Mode-2: when MOSFET is OFF (DT<t<T)

In this mode, MOSFET switch is OFF and the diode is in
forward biased condition. The inductor now discharges
through the diode, capacitor C and load resistance R.

The state equations for this mode are

L(ilj—ltL:—vo 4)
S ®)
d - R
In matrix form,
0 -1
= iN: 0C=(01) (6)
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C RC

The duty-cycle to output-voltage transfer function is given
as [4]:
V,
FOZC(SI -A'B @)

where,

A=AD+A,(1-D),C=CD+C,(1-D)

B =(A1_A2)(\I/:j_(Bl_BZ)V9

In (8), D, Vo and I, are the steady-state values of the duty
cycle, output voltage and inductor current respectively.

(8)
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Fig. 2 DC-DC hoost converter

Substituting the matrices A, B, C in (7), the duty-cycle to
output-voltage transfer for buck converter is obtained as:
Vv
Gy (8) = ——1— ©
S°’LC +s R +1

B. Boost Converter

The circuit configuration of an ideal dc-dc boost converter is
shown in Fig. 2 [16]. It is assumed to be operated in CCM.
The description of circuit elements is same as in buck
converter.

(1) Mode-1: when MOSFET is ON (0<t<DT)

In this mode, diode will be reverse biased. During this state,
the inductor charges through input voltage V, and the

inductor current increases. The load is supplied by
discharging of the capacitor.
The state equations for these mode are:
di
L=V, (10)
dt
dv v
C—2=-—=2 (11)
dt R
In matrix from,
0 0 1
A= o L B =/ L[C=(01) (@2
RC 0

(2) Mode -2: when MOSFET is OFF (DT<t<T)

In this mode, the diode will be forward biased. The inductor
now discharges through the diode and RC combination.
The state equations for this mode are:

di
Ld—tL=Vg -V, (13)
N _j, Yo (19)
d¢ " R
In matrix form,
1
0 - 1
A=l [ |Be|L ,C,=(0 1) (@5)
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Substituting the matrices in (8) and then (7), the duty-cycle
to output-voltage transfer function of the boost converter is



V, (1— S Le}
R (16)

D'L.C SIS B
RC LC

Gboost (S) =

where, D'=1-D,L, =L/D"

I1l. CONTROL STRATEGY

In this section, a control strategy is discussed to calculate
the dominant poles of the closed-loop system to achieve
desired performance specification. This control design
procedure is used for dc-dc buck and boost power
converters. For calculating the dominant poles in this paper,
settling time (Ts) and overshoot (Mp) are considered as a
performance parameter. Therefore, the dominant poles are
calculated in terms of Tsand M.

A. Dominant poles calculation

Consider that the compensated system is represented by its
dominant poles and the corresponding closed-loop system is
a second-order system having following transfer function.

2
a

G (s) = n (17)
P s +28m, + o,

For the unit response of this closed-loop system, its settling

time and overshoot are found as [17].

4
Settling time (Ts) =—— (18)
s,
<3
Overshoot (Mp) = e"/l’7 (19)

The poles of the closed-loop system i.e. s, and s, in (17) are

given as
5,8, =—Cw, T, -1 (20)

Equation (20) can be written as

/ 2
1+ ji (21)
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Similarly, (18) and (19) are rewritten as
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2
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Now substituting values from (22) and (23) into (21), the
dominant poles of closed-loop system represented by (17)
are obtained in terms of its performance parameters (Ts and
Mp). Thus, the dominant poles are

4 .
5.5, =T—(—1i i j (24)
P
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B. Fractional-order Pl (FOPI) design
Let transfer function of FOPI controller (Gg) is given as

k.
Gc(3)=[kp+s—ﬁ) (25)

Assume that s¢=x+jy be a dominant pole of the closed-loop
system.
From Euler’s form,

Sy =X+ jy=Ae" = A(cosO+ jsin@) (26)

where, A= JXZ + y2 O=tan (lj

X
Let the plant function at dominated poles is represented as

Gy(s),, =a+if 27)
At dominant pole s=sq, the characteristic equation becomes

1+G, (s4)G, (s4)=0 (28)
Substituting values from (25) and (27) into(28), we get

. k.
l+(a+jﬁ)(kp+—;J:O (29)
Sq
Substituting the value of sq from (26) into (29) and then
simplifying, we get

A*(cos A0+ jsin 26)
+(a+ i) k,A* (cos A0+ jsin 10)+k; |=0

Separating real and imaginary parts, we get
Real part:

A cos A0+ a(k,A’ cosA0+k;)- Bk, A'sinA0=0  (31)
Imaginary part:

A’ sin 20+ B(k, A’ cos 10 +k )+ ak,A'sin 10=0  (32)
Rearranging above equations, we get

k A" (cxcos 40— Bsin 10)+ka=—A"cos A6 (33)

kA" (BcosAf+asinA0)+k f=—A"sin10  (34)

Here kp, ki,and 4 are unknown quantities whereas A, a, S, 0
are known quantities. There are two equations and three
unknown quantities. Therefore, solution for any two
variable can be obtained while keeping the third variable
constant. There are three possibilities: (i) solution for pair
(kp, ki) while 1 constant (ii) solution for pair (kp, 1) while k;
constant and (iii) solution for pair (ki, A) while k, constant.

In this paper, the solutions for (k,, ki) is obtained while
keeping 4 constant.

Equations (33) and (34) are written as

Xk, +Yik =2, (35)
XK, +Y,k =Z, (36)

(30)

where
X, = A" (acosAf-Bsin16),Y, =a,Z, =—A" cos 10
X, = A (,6005/19+asin M),Y2 =p.Z, =-Asin
Solving (35) and (36), we get

kK = YZZI _lez

= 37
P XlYZ_XZYl 7



_ X1zz — Xzzl
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Using (37) and (38), the values of k, and ki can be found out

for the desired dominant poles with fixing 1 to a constant
value.

(38)

IVV. CONTROLLER DESIGN FOR DC-DC POWER CONVERTERS

In this section, the FOPI controller for the dc-dc buck and
boost converters will be designed for the given time domain
specifications.

A. Buck converter

The parameters of buck converter used is shown in Table I.
Substituting these values in (9), the duty-cycle to output-
voltage transfer function of buck converter is obtained as

6o (5) = 24
buck 9.24x10%s%+9.16x10°s +1

The time response of the uncompensated dc-dc buck
converter for duty cycle 0.5 is shown in Fig. 3. The peak
overshoot is 61.45% and settling time is 8ms. It can be seen
that the peak overshoot of open-loop buck converter is very
high. Therefore, a feedback control is designed for the buck
converter.

The transfer function of the uncompensated closed-loop
buck converter is obtained as

24

G S)= 40
) 924x10°5 +9.16x10°5+25
The unit time response of uncompensated closed-loop buck
converter is shown in Fig. 4. It is observed that the response
is having very high overshoot of 90% and steady-state error
of 5%. An integer-order PI (IOPI) controller is designed to
eliminate the steady-state error and the unit step response of
closed-loop buck converter is shown in Fig. 5. It can be
observed that with 10PI controller steady-state error is
eliminated and overshoot is reduced to 38% with settling
time of 4.91ms. To further reduce the overshoot and settling
time, a FOPI controller is designed using the steps discussed
in the previous section. The Pl parameters of FOPI
controller is k,=1.12 and ki=5.95x10° for 1=1.9. The FOPI
controller for buck converter is

(39)

5.95x10°

s1.9

Gbuck_FOPI (S) =112+ (41)
The unit step response with FOPI controller is shown in
Fig.5. As clearly observed, the overshoot is reduced to 30%
and settling time to 1ms with the elimination of steady-state
error. Therefore, FOPI controller gives better results as
compared to IOPI controller. The performance comparison
of 10OPI and FOPI controller for buck converter is given in

Table II.
TABLE | PARAMETERS OF DC-DC BUCK CONVERTER

Parameters value
Input voltage (V) 24V
Output voltage(Vo) 12V
Inductance (L) 1.1mH
Capacitance(C) 84 pF
Switching frequency(f) 10 kHz
Load resistance(R) 12Q
Duty cycle(D) 0.5
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Fig. 3 Step response of open-loop buck converter
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Fig. 4 Step response of uncompensated closed-loop buck converter
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Fig. 5 Step response of compensated closed-loop buck converter

TABLE Il PERFORMANCE COMPARISON OF I0OPI &FOPI
CONTROLLERS FOR CLOSED-LOOP Buck CONVERTER

Parameters 10PI FOPI

controllers | controllers
Rise time 0.2ms 0.1ms
Settling time 4.91ms 1.01ms
Peak overshoot | 38% 30%




B. Boost converter:
The boost converter parameters used in this paper is shown

in Table 111. On substituting these values in (16), the duty-
cycle to output-voltage transfer function of buck converter is

obtained as
—28.57s+1.896x10°
Gboost (S) = 2
0.0264s° + s+ 66360

The time response of uncompensated open-loop dc-dc boost
converter for duty cycle 0.58 is shown in Fig.6. The peak
overshoot is 96.31% and settling time is 0.21s. As seen,
peak overshoot, as well as settling time, are very high. A
feedback control is designed for the boost converter to
improve these performance parameters.

. (5)= —28.57s+1.896x10°
¢l _boost 0.0264s% —27.57s+1.962 x10°

(42)

(43)

The poles of uncompensated boost converters are
522.18+j8605.7, which indicates that the system is unstable.
The unit time response of uncompensated closed-loop boost
converter is shown in Fig. 7. From this response also, it is
observed that the unit response is unstable. An Integer-order
PI (IOPI) controller is designed to stabilize the closed-loop
system. The step unit response with PI controller for boost
converter is shown in Fig. 8. It can be observed that with
IOPI controller closed-loop system is stable and overshoot is
reduced to 46% with settling time of 40ms. To further
reduce the overshoot and settling time, a FOPI controller is
designed using the steps discussed in section. The PI
parameters of FOPI controller is k, -0.1787,ki=1.8144x103
for 2=1.5. The FOPI controller for boost converter is

1.81x10°

Gboost_FOPI (S) =0.178+ T (44)

5

The unit step response with FOPI is shown in Fig.8. As
clearly observed, the overshoot is reduced to 9% and settling
time to 12ms with elimination of steady-state error.
Therefore, the peak overshoot and settling time for FOPI
based closed-loop system in both the cases is less than IOPI
controller. The performance comparison of 10PI and FOPI
controller for boost converter is given in Table IV.

TABLE Il PARAMETERS OF DC-DC BOOST CONVERTER

Parameters value
Input voltage (Vyg) 5V
Output voltage(Vo) 12V
Inductance (L) 250 uH
Capacitance(C) 1056 uF
Switching frequency(f) | 10 kHz
Load resistance(R) 250
Duty cycle(D) 0.58

TABLE IV PERFORMANCE COMPARISON OF IOPI &FOPI
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Fig. 7 Step response of uncompensated closed-loop boost converter
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Fig. 8 Step response of compensated closed-loop boost converter

CONTROLLERS FOR CLOSED-LOOP BOOST CONVERTER

Parameters 10PI FOPI

controllers | controllers
Rise time 1.68ms 1.73ms
Settling time 40ms 12 ms
Peak overshoot | 46% 9.0%

V. CONCLUSION

In this paper, the dominant pole placement based approach
is used for finding the parameters of fractional-order PI
controller. The design procedure is explained and controller
parameters are obtained for two different dc-dc power
converter topologies. The simulation results show that the



rise time, peak overshoot and settling time for FOPI based
closed-loop systems are lesser than 10PI controller for both
dc-dc buck converter and dc-dc boost converter. The control
design gives a satisfactory desired response. This pole
placement based FOPI method can be extended for
designing FOPID controller i.e. including a derivative
component in systems for further improving the desired
response. Also, FOPI based controller can be designed for
different types of dc-dc converters having transportation lag.
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