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Abstract—In this paper, design & development of Tri-state
Buck-Boost converter with particle swarm optimization (PSO)
based optimized Type-3 controller is discussed. In conventional
Buck-Boost converter a right-half-plane (RHP) zero is present in
its control-to-output transfer function. So, it becomes difficult to
design controller for the converter which is operating in
continuous conduction mode (CCM). Converter performance
deteriorates due to the presence of RHP zero in its control-to-
output transfer function. The proposed Tri-state Buck-Boost
converter has no RHP zero in its control-to-output transfer
function. In closed-loop control, PSO based optimized Type-3
controller has been designed and utilized to improve the transient
and steady-state performances. Simulation and experimental
results of proposed converter have been presented and compared
with conventional Buck-Boost converter. The proposed converter
exhibit faster transient and steady-state characteristic and it can
be used wherever fast transient response with step-up/step-down
of source voltage is needed and also be useful for drive
applications, electric vehicles and photovoltaic system etc. In this
work, PSO based optimized Type-3 control technique is newly
introduced to enhance the closed-loop performance of Tri-state
Buck-Boost converter and not been reported earlier in any
literature. The closed-loop converter is very cheap and easily
implantable due to use of simple control logic by utilizing few
analog components.

Index Terms—Buck-Boost converter, non-minimum phase
system, Tri-state Buck-Boost converter, small-signal modeling,
optimized Type-3 controller.

I. INTRODUCTION

CONVENTIONAL Buck-Boost DC-DC switch mode power
converter (SMPC) is a popular power electronics device
for step-up/step-down the source voltage [1]. Buck-Boost
converter is applicable when source voltage fluctuates in
certain ranges, e.g. power factor correction (PFC) circuit,
photovoltaic system etc. It can be employed with Maximum
Power Point Tracking (MPPT) system for efficient & reliable
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solar power generation. For applications like as MPPT, PFC
and drives system, DC-DC SMPC should be efficient and
reliable. It should also possess good transient and steady-state
characteristics regardless to load and source disturbances. But
in conventional Buck-Boost converter has non-minimum
phase problem due to the presence of a right-half-plane (RHP)
zero in its control-to-output transfer function when converter
operate in Continuous Conduction Mode (CCM). It is
observed that presence of a RHP zero in its control-to-output
transfer function deteriorates the converter performances. Any
system having an open-loop RHP zero can be identified by its
initial counter response (undershoot) of output voltage to a
step input voltage [2]. The effect due to RHP zero in
conventional Buck-Boost converter in time domain can be
explained as, an initial dip (undershoot) in output voltage
results in control system triggering an increase in the duty
cycle ratio, which causes an increased output filter capacitor
discharging time. This result in the output voltage dipping
even further until the inductor current builds up to recharge
the filter capacitor [3]. It becomes more severe when operating
point is changed because RHP zero moves in complex s-plane.
Therefore, designers don’t get the freedom to increase the
bandwidth beyond certain limits which is limited by the worst
case RHP zero location and it generally restricts the bandwidth
to 1/30™ of the switching frequency [4].

There are some techniques proposed earlier in literatures for
removal of RHP zero in SMPC. Some techniques are reported
in [5] which can reduce the effect of RHP zero in SMPC: (i)
Reducing inductor size can’t eliminate the RHP zero but
moves it farther towards the right half plane, so the RHP zero
effect will be reduced on the system response. But, it causes
higher inductor current ripple and hence increased conduction
and switching losses (ii) decreasing the switching frequency
increases the inductor current ripple as well as increases
output voltage ripple and hence requires large size output filter
capacitor (iii) DCM operation can remove the RHP zero but
increases inductor current ripple. Hence overall efficiency will
be decreased. Output voltage ripple of SMPC can remove the
RHP zero effect if the equivalent series resistance (ESR) of
output filter capacitor is sufficiently large as proposed in [6]
by “leading-edge-modulation” method. Tri-state topology
technique has been discussed [7]-[9] for completely removal
of RHP zero from converter plant without going for DCM
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operation by introducing an additional degree of control
choice. It has been established that proposed Tri-state Buck-
Boost converter is superior to other RHP zero removal
methods.

This type of Tri-state converter has an additional mode of
operation in the form of inductor freewheeling mode in CCM
operation that results completely removal of RHP zero from
control-to-output transfer function from switching converter.
Thus, there is no such problem of non-minimum phase in Tri-
state type of converter and the closed-loop dynamic
performances of the converter can be improved. The main
contribution of this work is to develop an improved Tri-state
Buck-Boost converter with optimized Type-3 controller which
can be used in applications wherever fast-response buck/boost
action is needed. The proposed topology of Tri-state Buck-
Boost converter (Fig.1) is simple and different from the
existing topology ([8], [13]) which is basically cascade
connection of Buck and Boost converters for single-phase
power factor correction. The small-signal model for Tri-state
Buck-Boost converter has been developed by using state-space
averaging technique [10]-[14]. It has been observed that the
proposed converter has no RHP zero in its control-to-output
transfer function.

For closed-loop control Type-3 controller has been designed
and utilized for better performance and stability. Initially,
Type-3 controller has been designed by using “K-factor”
approach [15]-[18] and its transfer function has been
optimized by using PSO based optimization technique [19]-
[21] to improve the transient and steady-state characteristics of
the proposed converter. PSO technique is based on the
behaviour of biologically living things, like as “swarm of
insects”, “birds flocking” and “fish schooling”. The insects,
animals, birds, fish etc. always travel in a group without
crashing each other from their group members by adjusting
their positions and velocities from using their group
information [22]. Some prior work has already been published
in the field of DC-DC switching converters by utilizing
optimized controller [23]-[36]. Here, PSO based optimized
Type-3 control technique is newly introduced to enhance the
closed-loop performance of Tri-state Buck-Boost converter
and not been reported earlier in any literature. Simulation and
experimental results of proposed Tri-state Buck-Boost
converter & conventional Buck-Boost converter have been
presented and a comparative study has been done. The results
clearly demonstrate the superior transient and steady-state
performances of the proposed Tri-state Buck-Boost converter
with PSO based optimized Type-3 controller. The cost of
proposed converter is very less and it is easily implantable due
to use of simple control logic by utilizing few analog
components.

The proposed Tri-state converter can be used in
applications wherever fast-response buck/boost action is
needed. Any fast-response SMPS to provide power for (i) new
generation DSP/Microprocessor systems (ii) electronic goods
and gadgets (iii) telecom power supplies (iv) critical medical
equipment/instruments etc., one can use Tri-state Buck-Boost
or Tri-state Flyback (isolated type) converter. DC-DC
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converters derived from Tri-state topology having high
bandwidth may be suitable for some specific applications like
(i) process control plant and robot automated factories (ii)
automotive industries (iii) space power distribution systems
(iv) hybrid vehicles. For maximum power extraction from
solar photo voltaic (SPV) panels, use of such converters may
be beneficial due to its fast transient response.

Il. TRI-STATE BUCK-BOOST CONVERTER
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Fig.1. Power circuit of Tri-state Buck-Boost converter.
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Fig.2. Steady-state waveforms of inductor current (i) and inductor voltage
(vo) of Tri-state Buck-Boost converter.

The power circuit of proposed Tri-state Buck-Boost
converter is shown in Fig.1. Here Vs is the DC input voltage, L
is the inductor, S,, and D,, are the main switch and main diode,
S¢ and Dy are the freewheeling switch and freewheeling diode
across the inductor, C is the output filter capacitor, r_ and r¢
are the ESR (Equivalent Series Resistance) of inductor and
capacitor and R is the load resistance. The proposed converter
under steady state has three modes of operation. (i) ‘Buck-
Boost’ mode (dyTsy). Here, dy is the duty ratio for this mode
and Ty, is the switching period of the converter. In the ‘buck-
boost” mode, S, is on, S; is off and the inductor current
increases due to the source voltage. The diode D, is reverse
biased and capacitor C maintain the load voltage. (ii)
‘Capacitor-Charging’ mode (d,Ts,). Here, d, is the duty ratio
for this mode. In the ‘capacitor-charging’ mode both switches
(Sm and Sy) are in off condition, the diode D, is forward biased
and the inductor current decreases as the power transfer to the
load, with the capacitor C being charged. (iii) ‘Freewheeling’
mode (d¢T,,). Here, d; is the duty ratio for this mode. In the
‘Freewheeling’ mode S, is off, S; is on and the inductor
current is in the freewheeling state. Once again the diode D, is
reverse biased and the capacitor C maintain the load voltage.
After combining these three modes, it can be written as,
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db+d0+df =1 (1)

Fig.2 shows the steady-state waveform of inductor current
(i) and inductor voltage (v.) in CCM operation where the
inductor current flows continuously [i_(t)>0]. Since in steady-
state the time integral of the inductor voltage (v.) over one
complete time period must be zero and assuming all the
components are ideal, the DC gain of the Tri-state Buck-Boost
converter can be written as,

Vg xdpTgy —Vo xdoTgy +0xd ¢ Tgy =0
Vo d
=t )
Vs do
where, Vs is the DC input voltage, Vo is the output voltage.
From (2), it is clear that, the output voltage of the converter
can be varied by varying the ratio of dy/d,. If d,>d, then
converter will operate in boost mode and if d,<d, then
converter will operate in buck mode.

Assuming a loss-less converter, B, =P,

Therefore, Vglg =V, 1,

and \& = I—S = d—b 3)
Vs 1o do

where, Pj, is the input power, Pg is the output power, Isis the

source current and g is the load current.

It is to be noted that efficiency of the proposed Tri-state
Buck-Boost converter becomes less compared to conventional
Buck-Boost converter due to the losses incurred in the
additional circuit elements (i.e. use of one extra MOSFET &
one Diode as shown in Fig.1).

I1l. SMALL-SIGNAL MODELING OF TRI-STATE BUCK-BOOST
CONVERTER

The DC-DC converters are highly nonlinear time-varying
system. The state-space averaging technique is an
approximation technique that approximates the converter as a
continuous linear system [14]. The state-space modeling of
Tri-state Buck-Boost converter is described below. The
converter has three modes of operation under steady-state. The
state variables are considered as inductor current (i.) and
capacitor voltage (v¢c). The state equations of Tri-state Buck-
Boost converter in matrix form during different modes are
given below,

A. Mode-I: - Buck-Boost mode (d,Tsw)

o—o 0/ o
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Fig.3. Equivalent circuit of converter during Mode-1.
The equivalent circuit of the proposed converter during
Mode-I (dyTs,) Operation is shown in Fig.3. Here switch S, is
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on, switch S; is off and both diodes D, & D; are off. The state-
space equation in matrix form is given below in (4).

T 0 gl
e R (4)
de| o 1 |vel|g
dt C(R+1c)
B. Mode-II: - Capacitor-Charging mode (d,Tsw)
(/O O— O
Sm Dn
r. )
Dr o )
Vs t; + R § Vo
_ . Y. N

=N ,C%Ticg

Fig.4. Equivalent circuit of converter during Mode-II.

Similarly, the equivalent circuit of the proposed converter
during Mode-Il (d,Ts,) operation is shown in Fig.4, where
both switches S, & S; are off condition, diode D, is on
condition and diode D; is off condition. The state-space
equation in matrix form is given below in (5).

di, —(r R+r1rc +1cR) -R

dt | L(R+1) L(R+1c) {iL} )
dve | R 1 |lve

dt C(R+rc) C(R+rc)

C. Mode-IlI: - Freewheeling mode (dfTy)

c/ o/ o
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o
Ds )
. c = -
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- St I T iC +
I'c ]
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Fig.5. Equivalent circuit of converter during Mode-II1.

The equivalent circuit of the converter during Mode-IlI
(dfTsy) operation is shown in Fig.5. In this mode switch S¢ and
diode Dy are on condition, switch S, and diode D,, are off
condition. The state-space equation in matrix form is given
below in (6).

NG
ddt _ o |:L:| ©6)
de || o 1 |lw
dt C(R+1c)

The state-space average equation over one complete
switching period of the converter can be written as,
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di, —(rR+rr+dR)  —dR d

d || LR L(Re) ]
dvg R el o 7
a | | C(R+r) C(R+rc)
:i: —(rLR+rLrC +d0rCR) i|_+ _dOR Vc+d—bVS (8)

dt L(R+1c) L(R+1c) L

dve d,R : -1

dve _ 9
o k) B ey ¢ ?

Now, for obtaining the converter control-to-output transfer
function, introducing small ac perturbations in (8) & (9) and
separate them into ac and dc components and applying the
Laplace transformation to convert all the ac terms into s-
domain.

Let us consider the perturbed variables are, iy =1, +i,
Ve =Ve +Ve, Vo =Vg +Vpand d, =D, +D,, Here, d, = D,
is keeping constant.

£(|L+rL):(‘(rLR”LrC +D°rCR))(|L+rL)

dt L(R+1¢)
-D,R - (Db“‘ljb)
ETENNILE

d D,R - -1
— (Vg +V ) =| —==— (1 — (Ve +9:) (11
dt( e+ ) [C(R+rc)]( LJF'L)+[(:(R+rC)J( c*%) (1)
Now, separating ac and dc components in (10) & (11) and
can be written as,

AN ELTEE

dt L(R+1c) L

(G oo o) @)
and
g3 o B
AR CE A N ] (8 o
mm(EXE{ESJUL)+[EU§%E3]Ok)=0 (15)

Now, taking Laplace Transform of (12) and (14) and
neglecting the steady-state equations.

w2

+%%@) (16)

Therefore, the control-to-capacitor voltage transfer function
of Tri-state Buck-Boost converter can be obtained from (16)

17)
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and (17).

Vels) Vs, ! (18)

D _

b(s) L oC(R+r), ([ MC(RHc)){N_ M J
RD, RD, RD,

where, M :_(rLR+rLrC+DOrCR) and N __RDo
L(R+1c) L(R+r1g)

The relation between the capacitor voltage and output
voltage of the converter can be written as,

dv,
Vo = rch—f+vC (20)
Now, introducing small ac perturbations in (20) and
separate them into ac and dc components and applying the
Laplace transformation to convert all the ac terms into s-
domain.
d - -
E(VC +Vc )+ (Ve +Y¢)
Now, taking Laplace Transform of (21) and neglecting the
steady-state equation.
Vo (S
Ve (s)= o (%
(1+sr.C)
Now, putting the value of V¢(s) from (22) into (18), the
final control-to-output transfer function of the Tri-state Buck-
Boost converter can be written as,

(22)

Vo (S
TTri_buck_boost (S) = DO Esz
b
Vs, (1+sr:C) 23)
L SZC(R+Q)+S@—MC(R+Q»+ NoM
RDg RDg RDg

From the above equation (23), it is clear that the RHP zero
is absent in the transfer function of the Tri-state Buck-Boost
converter, but a LHP zero is present due to the ESR of the
capacitor. In case of conventional Buck-Boost converter a
RHP zero is present in its control-to-output transfer function
(24) [11].

_Vo(s) _

1+s ,_ 1-5 o,
Tbuck_boost(s)— D(S) = dox( /@, ESR)( /o, RHP)

(sz/a)é +s/(cooQ)+1)

where, D is the duty cycle ratio of conventional Buck-Boost
converter.

(24)

\ 1
Gyo = (1—?:))2 1 W7 _gsR = r.C rad /s,
(1-D)*R (1-D)
O, _pup = rad /s, ag = rad/s
JL

and Quality Factor, Q =R(1- D)\/%

From (24), it is clear that a RHP zero has present in the
transfer function of the conventional Buck-Boost converter.
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TABLE |
Parameter Valuesof Converters
Sl. No.  Parameter Design Value
1 Source Voltage Vs 6-20 V
2 Output Voltage Vo 20-6 V
3 Inductor L 275 pH
4 ESR of inductor r 03Q
5 Output Filter Capacitor C 540 uF
6 ESR of Capacitor rc 02Q
7 Load Resistance R 30-60 Q
8 Switching frequency fq, 20 kHz
9 Switching Period Tg, 50us
10 Constant Duty Ratio Do 0.2

After putting the above parameter values from Table | in
(23) and (24), the transfer function of Tri-state Buck-Boost
converter and conventional Buck-Boost converter are obtained
and given below in (25) and (26),

1435.4(s+9259)

TTri_buck_boost (S) = (S +895.3)(S+461)

~0.6152(5—8182)(s+2500)
(s+2102)(s+253.1)

(25)

(26)

Thuck—boost (S) =

IV. TYPE-3 CONTROLLER

The design of controller plays an important role for
achieving desired closed-loop performance of the converter.
The controller can also help to shape the open loop transfer
function to achieve the overall system stability and fastest
transient response. The Type-3 controller is a cascaded two
lead controllers with a pole at origin. So, this type of controller
can provide maximum 180° “phase-boost” with zero steady-
state error [18]. The pole at the origin provides a very high
gain at low frequencies and the pole-zero pairs reduce the
phase shift between the frequency of the two zeros and the
frequency of two poles as lead controller. So, this controller
may provide 0° to 180° phase boost with zero steady-state
error. The Type-3 controller is intended for switching
converters that exhibit a —40 dB/decade roll-off above the
poles of the output filter and a —180° phase lag. This extends
the loop bandwidth. Type-3 controller network can achieve a
very fast dynamic response and they are commonly used for
systems requiring very fast transient response.

A. Op-Amp based Type-3 controller

C:
|
Ry Cs R G,
R, }_ Vee
Vo O -
_OVcon
Vref o +
Vee

Fig.6. Circuit diagram of Type-3 controller

An analog Op-Amp based Type-3 controller is shown in
Fig.6, where six passive circuit components are required. The
control voltage (Vn) to the output voltage (Vo) transfer
function of the controller in Fig.6 can be written as,

5
. (S):vm(s) _ (1+SC,R, )[ 1+ 5C4(R, +Ry) | on
e Vo(s)  SRi(Cy+Cy)(1+5CsRg)(1+5C15R,)
where, C;, = CiCp , parallel connection of two capacitors
1+Cs
C: and C,.

B. Mathematical Approach
The generalized transfer function of Type-3 controller is
given below,
(1+S/@y 13)(1+5/@5.15)
$/@p0 73 ) (1+5/@p1 73 ) (1+ /@50 13
Now, comparing (27) and (28), getting the values of poles

& zeros in terms of passive circuit components (resistor &
capacitor).

Trype-3(S) = ( (28)

1 1 1

S S S M SR S

AT T2aC,R, T T 22, (Ri+Ry) T T 22CHR,
1 1

f =——— and f S

PET3 T 22C R, POT8 7 22R (€, +Cy)

The Type-3 controller having one pole (fyo.r3) at origin and
two high frequency poles (fy-1s & f-13) are considered at
same point. Similarly two zeros (f,;.13 & f,».13) are assumed at
same point. So, the double pole and double zero have been
located at ,1.13= @513 = @51,0-73 AN Op1.73= Opo-13 = Wp12-T3.

(1 +8/@5 73 )2

Trype-3 ()= 2 (29)
(S/a’po—T3)(l+ S/“)pl,Z—T3)
The magnitude of the controller can be written as,
1+ j I 1+ j @ I
Wy - Wy
|TType73 ( ja))| _ 71,2-T3 71,2-T3 (30)
i—2 i+ j 1+
Wpo-T3 Wp1,2-T3 Wp1,2-T3

The argument of the controller can be written as,

. _ w A w V3
#(Tryes(j@))=2tan™ —2tan -— (31)
( e 3( )) @Wn2-13 @p1,2-T3 2

The Bode diagram of Type-3 controller is shown in Fig.7.
Type-3 controller can provide maximum 180° “phase-boost”
by varying the location of pole & zero. Here the pole & zero
combinations produce a “phase-boost” of 160° at a certain
frequency. The frequency where maximum “phase-boost” can
be obtained by taking the derivate of (31) with respect to
frequency ‘ f’ [16].

d ] d 1 f -1 f

— P Trype_s (j@)) =—| 2tan —2tan (32)
T (Trpe-3 (i) df [ (fﬂzm] [fpl,szj]

or 2 _ 2 -0 (33)

f2 f2
fora| —5—+1| foqs| 5 +1
le,szs fpl,z—Ts

By solving ‘ f ’ from (33), the maximum “phase-boost” can
be obtained at the “geometric mean of the double zero-double
pole” frequencies in the controller and can be written in (34)
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below,

frax—T3 = \/ f21,2—T3 x fp1,2—T3 (34)

Therefore, a3 IS considered as crossover frequency (f..13)
of Type-3 controller.
C. Derivation of “K-factor” for Type-3 Controller

In Type-3 controller “K-factor” is the ratio between double
pole frequency to the double zero frequency [15]. The
relationship between K and the “phase-boost” can be written
as follows,

1
hase —boost = 2| tan~* VK —tan™* —j
p ( K

By solving (35) using trigonometric formula, K can be
written as,

2
K- { tan( phase —boost 7 j}
4 4

Equation (36) is known as “K-factor” of Type-3 controller
& was introduced by “Dean-Venable”.

Thus, the double zero & double pole locations can be
obtained as,

fu21s=fo13/VK = f,_r3/tan{( phase —boost + 7)/4}
and
foo13= forax~/K = f,_rzxtan{( phase—boost + 7)/4} (38)
The location of the double zero & double pole of the Type-3
controller can be calculated by using (37) & (38) for a
particular crossover frequency (f.13) and necessary “phase-
boost” of the controller.
D. Mid-Band Gain of Type-3 Controller
The controller transfer function of (28) can be written as,
S o (1+ @y 13/3)(1+S/ @ 13)
@n1-T3 (S/G)PO—T3)(1+ S/"’pl—T3)(l+ S/a)pZ—T3)

(I+ @y 13/3)(1+S/ @ 13)
(1+ S/a)pl—T3)(1+ S/wp2—T3)

where, Go.g3 is the Mid-Band Gain of the controller and

(35)

(36)

@37)

TType—3 (S) =

TType—3 (S) = GO—T3 x (39)

required gain at crossover frequency. Go.t3 can be written as,
2 2
14| P13 | fpg| PeT3
Wp1-13 @p2-T3
2 2
1+[a)zl—T3j 1+£ De—T13 J
DeT13 W72-T3
where, Grs is the gain of the selected crossover frequency f 1s.
2 2
[0) [0
@ g L] T | 14| DTS
Wp1-73 Wp2-13

Wpo_T2 = X
p0-T3 Grs > >
. ,
1+(Z1—T3J 1+(c—T3]
D13 W72-13

If double poles & zeros are considered at the same point,

Go_13 =Grz % (40)

(41)
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the formula becomes,

2 2
W712-T3 (a)pl,Z—TS + @ 13 )

2 2
2 @71,2-13 W T3
D713 W712-T3

E. Design Example of Type-3 Controller

Let’s consider the converter has a gain deficit of -12 dB at a
1 kHz selected crossover frequency and necessary “phase-
boost” is 160°. From equation (37) & (38), the location of the
double zero & double pole is given below,

The location of double zero is

(42)

@po-13 = Grax

foa2-73 1000/ tan{(160° +180° ) /4} =87 49Hz (43)
and the double pole location is
1275 =100 tan {(1600 +180° ) /4} “1143KHz  (44)

The gain Gtz at 1 kHz selected crossover frequency must be
-12 dB. Thus, the position of the 0-dB crossover pole can be
obtained as,

Grax fuprs X( fpzl,Z—TB + f02—T3)
2 2
f;321,2—T3><\/( fz1,2-T3/ fc—TS) +1X\/( fc—T3/ le,2—T3) +1

=30.46Hz (45)

Therefore, the final transfer function of designed Type-3
controller after fine tuning of the gain is given in (46).

T ()= 66.291(s+605)”
peS T (s+3481s + 2.825x10°)

pr—TS =

(46)

V. PSO BASED OPTIMIZED TYPE-3 CONTROLLER

A. A Brief Overview of PSO Algorithm

In the year 1995, “R.C. Eberhart” & “J. Kennedy” presented
a soft computing technique named as PSO (Particle Swarm
Optimization) algorithm, which was based on the stochastic
optimization method [19]-[22]. PSO algorithm technique is an
evolutionary optimization algorithm that optimizes the
“continuous-discrete”, “linear-nonlinear”, “constrained-
unconstrained” & “non-differentiable” functions by iterative
method to improve the solutions for different parameter values
[14]. This technique is based on the behaviour of biologically
living things, like as “swarm of insects”, “birds flocking” &
“fish schooling”. The insects, animals, birds, fish etc. always
travel in a group without crashing each other from their group
members by adjusting their positions and velocities from using
their group information [34]. A swarm contains numbers of
individual, termed “particles”; they change their own positions
over the time. Every particle gives a prospective elucidation to
a task. In PSO algorithm technique, particles move around in a
multi-dimensional search-space. During the movement of
swarm every particle adjusts its own position according to its
own experience and the experience of its neighbours, making
use of the best position come across by it and its neighbours
[21]. This results each particle travel in the direction of the
better elucidation zones, while still having the ability to search
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a wide area around the better solution areas. The enactment of
every particle is measured by pre-defined “fitness-function or
objective-function”. This “objective-function” is associated to
the problem based solution. The PSO algorithm technique has
been presented to be robust, optimize solution & fastest
solving of the complex problems. In this work, a PSO based
optimized Type-3 controller has also been designed & utilized
for better performance of the converter and improved overall
system stability.

B. Objective Function for PSO Algorithm

For obtaining the optimized performance of the converter,
the objective/fitness function selection with performance
criteria is the most vital step for tuning the parameters value of
Type-3 controller by applying PSO based optimization
techniqgue. The minimum value of this fitness
function/objective function corresponds to the optimum set of
parameter values. Here, integral time weighted absolute error
i.e. ITAE is a performance criterion that can provide fastest
response with small overshoot. So, ITAE is selected as an
objective function/fitness function in this work and can be
expressed as,

F(t) = ]'t|e(t)| dt (47)
0

where, upper limit of the integration y is the steady-state value.

C. Mathematical Formulation for PSO Algorithm

A Dbrief knowledge about mathematical formulation for PSO
algorithm has been presented in this subsection. The position
of the i" particle among total number of population ny can be
written as,

X; = (X X2 X2 X XX fori=1,2,3,....m, (48)

where, Xid denotes the position of i particle in d™ dimensional
search space and n is the entire number of dimensional search
space.

To optimize the transfer function of Type-3 controller five
parameters or five dimensional search space is required in n,

particle population vector (Xil: gain of the controller,
X ?=zero position (z,.1s), X3 =zero position(z,.15), X;* = pole

position(py.t3) & Xi5 = pole position(p,.13)).
The rate of the change of position (velocity vector) for i

particle is denoted by,

d n

v; :(vil,viz,vf‘,vf,....vi VA ) (49)

Each i" particle preserves a memory of its own earlier best
position & represented as personal best position, which can be
denoted by “pbest;”.

pbest; = ( pbest’, pbest?,........pbest ........ pbesti”) (50)

In a swarm the global best particle position among i"

particle position represented as “gbest” & can be written as,

gbest = (gbestl, gbest?,.......gbest? ........ gbest”) (51)

The global best positions & each particle earlier best

7

positions are related with the particle velocity vector along
each dimensional search space & that velocity vector is then
used to calculate a new particle position vector. The adjusted
velocity & position of each particle can be calculated by using
the present velocity and the distance from “pbest” to “gbest”
as given below in (52) & (53). “Kennedy” was first introduced
the formulae for velocity & position in PSO algorithm [19],
[20].

v (t+1)=v{ (t)+C, *rand, ( )*( pbest! (t)- X/ (t))

+C, *rand, ( )=x<(gbestd (t)-X{ (t)) (52)

X2 (t+1) = X2 (1) +v (t+1) (53)

Here, C; & C, are the acceleration rate constant, rand;() &
rand,() are uniform random numbers in between [0, 1], t is the
present iteration number.

Appropriate choice of inertia weight (w) in (54) affords
equilibrium between global and local observations, so require
less number of iteration to find an efficient optimize solution.
As initially established, often reduces linearly from 0.9 to 0.4
during a simulation of PSO algorithm. Thus, the inertia weight
equation can be written as,

W=W,, _{(Wmax ~ Whin )}*t

tmax
where, w is the inertia weight factor & t. is the maximum

number of iteration.

Initialization of Population Randomly
[

(54)

Run Closed-loop Model of Converter
for each Particle

¥

Calculate the Objective Function F(t)

!

Calculate “pbest” & ““gbest” of the
Population

!

Update Velocity & Position using
Equations (52) & (53)

Is fulfill

the Ending Criterion
?

Yes

Stop & Return
Optimized Solutio
Fig.8. Flowchart for Particle Swarm Optimization (PSO) algorithm.

D. Parameters Optimization in PSO based Type-3 Controller

To obtain optimized Type-3 controller five controller
parameters values are to be optimized namely gain of the
controller, double zeros (z;,.13) and double poles (py2.13). The
flowchart for the Particle Swarm Optimization (PSO)
algorithm is illustrated in Fig.8. The MATLAB code for PSO
algorithm has been written in MATLAB-R2014b. The
parameters values for PSO are considered as: (i) Cognitive
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Constant (C,) = 1.5, (ii) Group Constant (C,) = 1.5, (iii)
Number of Particles (n;) = 50 & (iv) Maximum number of
Iteration (tn) = 100. Therefore, the PSO based optimized
Type-3 controller transfer function is given below in (55).
This Type-3 controller is designed based on Tri-state Buck-
Boost converter and also used for closed-loop control of
conventional Buck-Boost converter.

973.23(5+586.5)°

55
s(s+3396)° 9

TType—S (S) =

VI. SIMULATION RESULTS AND DISCUSSIONS
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Fig.9. (a) Step responses (b) Bode Diagram of closed-loop performances of
Tri-state Buck-Boost Converter & Conventional Buck-Boost Converter with
classical and optimized controllers (c) Convergence curve of objective
function (F(t)) for PSO based optimized Type-3 controller.

TABLE Il
CLOSED-LOOP PERFORMANCE OF THE CONVERTERS

Tri-state Buck-

Buck-Boost converter

Tri-state Buck-
Boost converter

Buck-Boost

Tri-state Buck-Boost converter with PSO

Performances Boost converter with K-factor based converter with K-factor based Type-3 with PSO based
with PI controller Type-3 controller based Type-3 controller controller Type-3 controller

Maximum 0 0 0 o 0

Overshoot(Ms) 2.51 % 2.36 % 0.159 % 3.40 % 0%

Rise Time(t;) 0.01 sec 0.00904 sec 0.00574 sec 0.00354 sec 0.00147 sec

Settling Time (ts) 0.0237 sec 0.0219 sec 0.00983 sec 0.0121 sec 0.00239 sec

(Séfgdy-State Error 0 0 0 0 0

Gain Margin (GM) 22.3dB 22.6 dB 23.7dB 245 dB 28.7 dB

Phase Margin (PM) 66.9° 71.1° 73.4° 74° 75.9°

Gain Crossover
Frequency (GCF)
Phase Crossover
Frequency (PCF)

Controller Transfer
Function

Closed-loop Stability

133 rad/sec

744 rad/sec

4.33(7.8x10*55 +1)

s
Stable

648 rad/sec

5230 rad/sec

767 rad/sec 521 rad/sec 946 rad/sec

6070 rad/sec 7080 rad/sec 7120 rad/sec

66.291(s +605)° 66.291(s +605)° 973.23(s+5865)°  973.23(s+586.5)°
s(s+34815+2.825x10°)  s(s+34815+2.825x10°) s(s+3396)° s(5+3396)
Stable Stable Stable Stable

The simulation of closed-loop operation of Tri-state Buck-
Boost converter and conventional Buck-Boost converter with
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using MATLAB SIMULINK (2014b). The parameters are
used for simulation & experimental studies for both the
converters are given in Table I. The dynamic performances of
both the converters in terms of step response & Bode plot with

PSO and “K-factor” based Type-3 controller have been g
observed and shown in Fig.9(a)&(b). Closed-loop &
performance of Tri-state Buck-Boost converter with Pl §
controller has also been observed and shown in Fig.9(a)&(b). e
It is observed that Tri-state Buck-Boost converter with PSO g
based Optlmlzed Type_3 (EontrO”er ShOWS the faSteSt dynamlC Tri-State Buck-Boost Converter with PSO based Type-3 Controller
response than the conventional Buck-Boost converter. Table Il 43r Buck-Boost Converter with PSO based Type-3 Controller
. . Tri-State Buck-Boost Converter with K-factor based Tvpe-3 Controller
shows the comparative Study between Tri-state Buck-Boost 420 . Buck-Boost Converter with K-factor based Type-3 Controller
converter & conventional Buck-Boost converter. From Table 0005 001 0015 002 0025 003 0035 004 0045 003
I, it is clear that Tri-state Buck-Boost converter with PSO LRl
based optimized Type-3 controller has lesser rise time (t;) & S ' ' ' ' '
settling time (t;), zero overshoot (M), zero steady-state error ]
(Ess) and higher phase margin (PM) in comparison to the g ]
. . = 50+ 1
conventional Buck-Boost converter. Fig.9(c) shows the 545
convergence curve for PSO based optimized Type-3 2.0 |
controller, which is drawn between values of the Objective ESS_ ]
function (F(t)) vs. number of iterations. ol
A. Dynamic Responses of Output Voltage with Load Fomm  om onS o LES | 009 00 00 0S| O
Resistance Disturbance Tz't';)ﬂ (seed
e B erier with SO based Tope Controller. Fig.10. Dynamic response of output voltage against (a) 50 % step increased
L Tri-Sute Buc verter with K- faciar hased Type-3 Controtier || and (b) 50 % step decreased of load resistance.
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Fig.11. Dynamic response of output voltage against (a) 20 % step increased &
(b) 20 % step decreased of reference voltage.
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C. Steady-State Responses
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Fig.12. Steady-state waveforms of inductor voltage (V.), inductor current (i),
gate pulses for switches (Sn & Sf) (a) Boosting mode (b) Bucking mode.

Extensive simulations are carried out in terms of load
regulation and tracking performances (Fig.10&11) of both the
converters with PSO based optimized Type-3 controller & “K-
factor” based Type-3 controller. Fig.10(a)&(b) show the
dynamic responses of output voltage when positive (+50%)
and negative (-50%) sudden step disturbance is applied to the
load resistance. It appears that the output voltage response of
Tri-state Buck-Boost converter with PSO based optimized
Type-3 controller is very fast and zero steady-state error. The
tracking performances of both the converters are also observed
(Fig.11(a)&(b)) by 20% positive & 20% negative step
disturbances of the reference input voltage. From the
Fig.11(a)&(b) output voltage of Tri-state Buck-Boost
converter with PSO based optimized Type-3 controller is
tracking the reference voltage quickly with zero overshoot &
zero steady-state error. Fig.12(a)&(b) shows the steady-state
simulation waveforms of inductor voltage (V.), inductor
current (i), and gate pulses for main and freewheeling
switches (S, & S¢) of Tri-state Buck-Boost converter. From the
Fig.12(a)&(b), when S, is on and Sy is off, V= Vs and i_ is
increasing. When both switches (S, & S;) are off then V,=
(-Vo) and i is decreasing. When S, is off and freewheeling
switch S; is on then inductor voltage V_ nearly equal to zero
and inductor current i_is in freewheeling state.
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D. Comparison between Proposed and Existing RHP Zero
Removal Method
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Fig.13. (a) Output voltage responses for case (i) and (b) Inductor currents
waveform of conventional and Tri-state Buck-Boost converter for case (i), (c)
Output voltage responses for case (ii) and (d) Inductor currents waveform of
conventional and Tri-state Buck-Boost converter for case (ii).

There are some simple techniques presented in [5], which
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can eliminate or reduce the effect of RHP zero for Boost or
Buck-Boost converter. For example, by decreasing the value
of inductor or by increasing the value of load resistance the
Buck-Boost converter is forced to operate in DCM mode
which will remove the effect of RHP zero. Both cases have
been examined and the results have been compared with our
proposed technique i.e. operating converter in Tri-state mode.

The DCM operation of conventional Buck-Boost converter
is achieved by case (i) when load resistance is increased to 200
Q & case (ii) the inductor value is decreased to 30 pH.
Fig.13(a)&(c) shows the two closed-loop output voltage
responses of Tri-state Buck-Boost converter & conventional
Buck-Boost converter (operating under DCM) for the case (i)
& (ii) respectively. It is seen that in both cases there is no
effect of RHP zero, but Tri-state Buck-Boost converter
exhibits better dynamic response with minimum overshoot,
smaller rise & settling time with respect to Buck-Boost
converter operating under DCM. The respective modes can be
verified by observing the pattern of inductor currents shown in
Fig.13(b)&(d) respectively. It is also noticed that the
magnitude of ripple current in DCM operated Buck-Boost
converter is much higher than Tri-state Buck-Boost converter.

Hence, it may be concluded that the proposed Tri-state
Buck-Boost converter is superior to other RHP zero removal
methods.
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VII.

A. Closed-loop Control Circuit and Experimental Setup

The closed-loop voltage-mode controlled Tri-state Buck-
Boost converter with optimized Type-3 controller has been
designed and fabricated in laboratory. The overall closed-loop
control circuit diagram of Tri-state Buck-Boost converter is
shown in Fig.14. The power circuit of the converter comprises
a variable DC power source (Vs), two power MOSFETS
(IRF450), two fast recovery diodes (MURA460), an energy
storage inductor (275uH), an output filter capacitor (470uF)
and a variable load resistance of 200 Q, 40 Watts. An analog
based control circuit is used for closed-loop voltage mode
controlled of the proposed converter. In control circuit, NE555
timer based function generator is used which is generating
sawtooth waveform at a frequency of 20 kHz. Two ICs
(LM311) are the voltage comparator. IC1 (LM311) is
comparing control voltage (V,n) with sawtooth waveform and
generates PWM gate pulse for switch S,,. 1C2 (LM311) is
comparing freewheeling voltage (Vf) with sawtooth waveform
and continuously generates PWM gate pulse for switch S;. The
freewheeling duration can be varied by varying the
freewheeling voltage (V). Two opto-lsolators (MCT2E) are
connected in the circuit for power and control circuit isolation.
Two NEBS55 timers are connected as astable multivibrator
mode to drive the gate of power MOSFETS. Overall hardware
setup of Tri-state Buck-Boost converter is shown in Fig.15.
The whole circuitry is fabricated in a PCB.

EXPERIMENTAL RESULTS AND DISCUSSIONS
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Fig.14. Complete closed-loop control circuit diagram of Tri-state Buck-Boost converter.
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Fig.15. Hardware setup of Tri-state Buck-Boost converter.
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resistance in Bucking mode; Ch-1: inductor voltage, Ch-2: inductor current,
Ch-3: output voltage, Ch-4: load disturbance.
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Fig.21. Output voltage response against square wave step disturbance applied
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Buck-Boost converter; Ch-1: Reference voltage, Ch-3: Output voltage.

It is evident from simulation results (Fig.9 to Fig.11) that
the proposed Tri-state Buck-Boost converter with PSO based
optimized Type-3 controller has been performed better
compared to conventional Buck-Boost converter. Accordingly
PSO based optimized Type-3 controller has also been utilized
for practical closed-loop control of the proposed Tri-state
Buck-Boost converter. Experimental steady-state waveforms
of inductor voltage (V.), inductor current (i.), gate pulses for
main (S,) & freewheeling (S;) switches of the proposed
converter are shown in Fig.16(a)&(b). A FLUKE made
current probe (scale 100mV=1A) is used to measure the
inductor current. Fig.17 to Fig.20 show the dynamic responses
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of output voltage of Tri-state Buck-Boost converter and
conventional Buck-Boost converter with PSO based optimized
Type-3 controller for positive & negative step disturbance of
load resistance (50%). The experimental output voltage
responses of Tri-state Buck-Boost converter and conventional
Buck-Boost converter have been observed with the square
wave step-input change of reference voltage (V,e) and are
shown in Fig.21. It is observed that the proposed Tri-state
Buck-Boost converter shows better transient and steady-state
performances compared to conventional Buck-Boost converter
in all cases.

VIIl. CONCLUSION

In this paper, modeling, design and practical
implementation of Tri-state Buck-Boost converter with PSO
based optimized Type-3 controller has been presented. The
small-signal modeling of Tri-state Buck-Boost converter has
been developed by using state-space averaging technique to
find the control-to-output transfer function. It can be
concluded that there is no RHP zero in control-to-output
transfer function of the proposed converter. A Type-3
controller has been designed by using “K-factor” approach
and its transfer function has been optimized by using PSO
based optimization technique to improve the transient &
steady-state performances. A simple analog control circuit has
been designed to reduce the overall cost and circuit
complexity. Simulation and experimental results of the
proposed Tri-state Buck-Boost converter and conventional
Buck-Boost converter have been presented and a comparative
study has been done.

It can be identified that the Tri-state Buck-Boost converter
with optimized Type-3 controller exhibits the best closed-loop
performance with largest margin of stability and highest
system bandwidth. So, Tri-state Buck-Boost converter with
optimized Type-3 controller may be implemented for
designing the DC-DC switching converter to enhance the
overall closed-loop performance and stability of the power
supplies. The proposed converter can be used for drive
applications, electric vehicles, photovoltaic system and any
fast-response SMPS to provide power for new generation
DSP/Microprocessor systems, electronic goods and gadgets,
telecom power supplies, critical medical equipment/
instruments etc. However, the efficiency of the proposed Tri-
state Buck-Boost converter is comparatively less than that of
the conventional Buck-Boost converter due to the losses
incurred in the additional circuit elements and also the cost of
proposed converter will be little higher compared to
conventional one.
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