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Abstract

Lee, Julie J. M.S. Egr., Department of Electrical EnginsgrWright State University, 2007.
Analysis of Small-Sgnal Model PWM DC-D Buck-Boost Converter in CCM.

The objective of this research is to analyze and simulatptlse-width-modulated (PWM)
dc-dc buck-boost converter and design a controller to gaibilgy for the buck-boost con-
verter. The PWM dc-dc buck-boost converter reduces andfweases dc voltage from one
level to a another level in devices that need to, at diffetiems or states, increase or decrease

the output voltage.

In this thesis, equations for transfer funtions for a PWMddoepen-loop buck-boost con-
verter operating in continuous-conduction-mode (CCM)aagved. For the pre-chosen de-
sign, the open-loop characterics and the step responsstudred. The converter is simulated
in PSpice to validate the theoretical analysis. AC analgkibe buck-boost converter is per-
formed using theoretical values in MatLab and a discretatpmiethod in PSpice. Three
disturbances, change in load current, input voltage, arny dicle are examined using step
responses of the system. The step responses of the outfageralre obtained using MatLab

Simulink and validated using PSpice simulation.

Design and simulation of an integral-lead (type 1ll) cofigois chosen to reduce dc error
and gain stability. Equations for the integral-lead coltercare given based on steady-state
and AC analysis of the open-loop circuit, with a design mdtillustrated. The designed

controller is implemented in the circuit, and the ac behawfdhe system is presented.

Closed loop transfer fuctions are derived for the buck-boosaverter. AC analysis of the
buck-boost converter is studied using both theoreticalesland a discrete point method in
PSpice. The step responses of the output voltage due tolstege in reference voltage, input
voltage and load current are presented. The design and tameth transfer functions of the

PWM dc-dc closed-loop buck-boost converter are validasaguPSpice.
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1 Introduction

1.1 Background

Trends in the current consumer electronics market demaatiespmore efficient devices.
With the increasing use of electronic devices on the magdemand of low power and low
supply voltages is ever increasing. The key for power mamage is balancing need for
less power and lower supply voltages with maintaining ojp@nal ability. Many electronic
devices require several different voltages and are provigeeither a battery or a rectified
ac supply line current. However, the voltage is usually hetrequired, or the ripple voltage
could be to high. VWoltage regulator methodology is a cortsfanvoltage despite changes in

line voltage, load and temperature.

\oltage regulator can be classified into linear regulatord switching-mode regulators.
Some drawbacks of linear regulators are poor efficiencycivhiso leads to excess heat dis-
sipation and it is impossible to generate voltages highem the supply voltage. Switching-
mode regulators can be separated into the following caegdPulse-Width Modulated (PWM)
dc-dc regulators, Resonant dc-dc converters, and Switchpdcitor voltage regulators. The
PWM dc-dc regulators can be divided into three importanbkogies: buck converter, boost

converter, and buck-boost converter. The buck-boost ctenvis chosen for analysis.

The PWM dc-dc buck-boost converter reduces and increaseslidge from one level to

a another [1]-[5]. A buck-boost converter can operate irhlomntinuous conduction mode



(CCM), which is the state discussed, and discontinuousuwciiah mode (DCM) depending
on the inductor current waveform. In CCM, the inductor catrdbows continuously for the
entire period, whereas in DCM, the inductor current reddoemero and stays at zero for the

rest of the period before it begins to rise again.

1.2 Thesis Objectives

The objectives of this thesis are as follows:

1. To analyze and simulate the dc-dc buck-boost convenaden-loop.
2. To design a control circuit for the buck-boost converter.

3. To analyze and simulate the dc-dc buck-boost conventeldsed-loop.



2 Open-Loop Buck-Boost

Derived small-signal open-loop transfer functions for theut control to ouput voltage
transfer fuctionly, audio susceptibilityly, input impedanc&; and output impedancg,. Us-
ing the transfer functions finding the AC analysis of the $fanfuction by finding the Bode
plots. Step responses of the system are found due to a stegecimainput voltagey;, duty

cycled and load current.

2.1 Transfer Functions for Small-Signal Open-Loop

Buck-Boost

2.1.1 Open-Loop Input Control to Output Voltage Transfer

Function

A small-signal open-loop buck-boost model is shown in Fig 2 block diagram of a buck-
boost converter is shown in Fig 2.2. The MOSFET and diodegpkaced by a small-signal
model of a switching network (dependent voltage and cuseutces), the inductor is replaced
by a short and the capacitor is replaced by an open circui. pra-chosen measured values
of the circuit areVM, =48V,D =0.407,VF = 0.7V, rps=0.4Q, Re =0.02Q, L = 334 mH,
C=68uF,rc =0.033Q, andrR_. =14Q.
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Figure 2.3: Small-signal model of buck-boost to deterndipéhe input control to output volt-
age transfer function.

The dependent sources are related to duty cycle. Settingjliee two inputs to zero relates
the control input to the output. This transfer function doieltity cycle affecting the output is

Tp. The derivation using Fig 2.3 df, is below starting from first principles of KCL and KVL.

Finding the transfer function of the plang

i, — Yz _ Yo
Iz, = 2 (2.2)
Using KCL
i|+iz2—hd—Dij =0
i(1-D)+iz,—1d=0 (2.2)
i|Zl—VSDd—DVSd = Vo (2.3)
Vog = —Vo (2.4)

i1Z1 = Vo +Vepd — Dvg



Substituting values

T vo(s)| - Z B I
p= d(s Vo=lo=U"" 1-D)2 1 - 2., 4
| — Ip . lo . Vo
'"(1-D) (I-D) (A-DR
Using KVL
Mg —Dvgg+VFE—Vo=0
Vg —VI —VF +Vo=0 Vg =V| +VE —Vp
Substituting values
=2 | D\ +VE—Vo) +VE —Vo=0
(l—D)RL | F o] F o—

(2.5)

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

(2.11)



P EE—a— = Dy,
Y ]+DVF—0+VF—V0
r{u—D)RL

)
V|:_

7 ﬂ):ILRL(l_D) (1—\/—0 Mvbc
(it
Ved = VI +VF

Vo _ 1 [RL(l—D) <1+V—F+r)}

Vol

|[z (1—D)#] |L[zl—(1—D)V|iLd}zz
L |41— L

(2.12)
- 1-D)2Z,
T (S) = Zl‘f’(l*D)zZZ Zl+(
p 241 DFZ
(2.13)
Z1=r-+sbL

SLASLAR: o4 (2.14)

R (I’c-i-%)

2= Ro+rc+&



R0 (1) 4] (2.15)

L= (2.16)

; |L[zl—(1—D)V|—ﬂzz 17
P Z1+(1-D)%Z, @17)

_ _ 2RU(retg)
DenTp = (r +sL) +(1-D) Rot+ro+ &

DenTy = (RL+rc+%) (r+sL)+(1-D)%R. (rc+ %)

B 1 L 2 R
—RLr+rfc+r§+SLRL+SLfc+6+(1—D) (RLrC—f—E)

= SCR.r +SCrer + 1 +S°CLR. +S2LCrc +sL+ (1—D)?(sCR.rc + R )

@ C[r(Ri+rc)+(1-D)?Rurc] +L  r+(1-D)?R.
+ LC(R.+rc) LC(R_+rc)

(2.18)

R (re+ &)
RL—f—fc—f—%

LC(R.+rc)

NumT, = (sC) { ! } I < I

[RL+rc+i] [Zl—(l—D)vid}

— 1L (R.(SCrc +1) (r +sL)) —% {RL(]-— D)? <1+ |\\//_Z\ H)] {m]



Vo

(1-DR (RL(Crc+1)) (

LC(R.+rc DL

NumTp = —

oRT (S+ Cic) {S_ Sr(R(1-D)? (u%

C[r(Ru+rc)+(1—-D)Rurc] +L
2\/LC(R +rc)[r+(1-D)ZR]

_ r+(1-D)?RL
N LC(R.L+rc)

7 =

Wrp = & {R._(l— D)? <1+ ‘\\'/—(F)‘) +r(1—2D)]

Vo Vo (S+ Wm) (S+ Wyp)

; >) (L) [S‘i (RL<1—D>2<1+V—F>“<1—2D>

Vol

)+r(1—2D))}
(2.19)

(2.20)

(2.21)
(2.22)

(2.23)

Tp= E|Vi:i0:0 ~ (A-D)(Ri+1c) P+2lws+w}

Vo

= I DR 1)

(2.24)

(2.25)

_ _ —VoR WmWzp
To=T0 = 5 R 10 w2
Vore (—i) = (RL(l—D)2<1+ |§—F|) +r(1—2D)>
~ (1-D)(Ru+rc) r+(1-D)?R_

LC(R_+rc)

)



(RL(lfD)2<l+%)+r(172D))

B Vor'c CDLrc
“(1-D r r+(1-D)?R_
( ) (RL+rc) R

Vo  |R2-D)(1+ ) +r(1-2D)
D(1-D) r+(1—D)2R_

Tpo = (2.26)

The Bode plot off, is shown in Fig 2.4 and 2.5.

The input control to output voltage transfer functibnhas a non-minimum phase system
due to the right hand plane zero. The complex pole of the syselependent on duty cycle,
D. The Bode plots for input control to output voltage tramdéaction T is also found using
discrete points. Discrete points were used rather thangngéehe circuit because PSpice
sweeps are only accurate for linearized circuits. Theegfarsinusoidal source was inserted,
and the magnitude of ripples in either the voltage or thesnurare used to determine the mag-
nitude of the function. Phase of the function was found mgeining the time difference
between the two signals of interest. Distingushing theleipm the noise was a challange
to be overcome. The answer was to boost the signal voltagaibumaintain the small-signal
condition of the system. Therefore, for this thesis, a magie value of ten or less volts for
the test voltage is considered a small-signal. Most tegagek did not need to exceed five
volts to distinguish between the noise and ripple. The only that required a higher value
is Zig, which is caused by the MOSFET being placed in series withsthesoidal voltage
source. In addition the MOSFET has a floating node assoacrthdt. Figs 2.6 and 2.7 show

the discrete point Bode plots of the control input to outpltage transfer functiof.

10
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Figure 2.4: Theoretical open-loop magnitude Bode plot @uincontrol to output voltage
transfer functionT,, for a buck-boost.
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Figure 2.5: Open-loop phase Bode plot of input control tpatvoltage transfer functiomy
for a buck-boost with and withoufuls delay.
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Figure 2.6: Discrete point open-loop magnitude Bode plahptit control to output voltage
transfer functionT,, for a buck-boost.
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Figure 2.7: Discrete points open-loop phase Bode plot aftiopntrol to output voltage trans-
fer functionTp for a buck-boost.
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Figure 2.8: Small-signal model of the buck-boost to detaerthe input to output voltage
transfer functiorM, the input to output function.

2.1.2 Open-Loop Input Voltage to Output Voltage Transfer

Function
A small-signal model of a buck-boost converter with inpadits 0 andip, = 0 is shown in Fig
2.8.

Using this model to derive equations for the input voltageubvoltage transfer functioi,,

also known as audio susceptibility. Again, using first piphes to start the derivation process.

From KCL
i| —Dij+iz,=0 (2.27)
) Vo
= 2.28
1z, Z ( )
. i22 VO
- _ —— 2.29
"TT1-D) T (1-D)z (2:29)
Using KVL

—i1Z1+Vo+Dvg =0

13



i1Z1 = Vo+D(Vi — Vo)

i1Zy =DVi+ (1—D)vo

D 1 D 1

_(l_D) 1+m - _(1_D)(1_D) [(1—D)+%

(1-D)DRirc s+ wn

W= TR o) P+ 20wst @
Moo — (1-D)DRirc
X L(RLF1e)
(1—D)DRLIc W
Myo = My(0) = —~—— /=L C
0 ( ) (RL+rC) (‘g

(1 D)DRLI’C [ Crc ]

r r+(1-D)2R_
(RL+ C LC (RL+rc)

14

(2.30)

(2.31)



(1-D)DR.

Myo = —m (2.32)

Fig: 2.9 and 2.10 show the theoretical Bode plotd/of

Using PSpice to determine certain points of interest gitiesfollowing Bode plot shown in

figures 2.11 and 2.12.

2.1.3 Open-Loop Input Impedance

Finding the input impedancg for the open-loop buck-boost converter circuit. Using Fig

2.8 to derive the open-loop impedance of the buck-boostlssigalal model.

Using KCL

Dij —ij—iz, =0
iz, = Dij —1
iz, =—(1—-D)i (2.33)

From KVL

—Z3i1+D(Vi — Vo) +Vo =0
—Z3i1+DVio(1-D) =0
—i1Z14+Dvi —ij(1-D)(1-D)Z2,=0
—i1Zy+Dvi—ij(1-D)?Z, =0

Dvi =ii(Z1+ (1-D)?Z)

15
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Figure 2.9: Open-loop magnitude Bode plot of input to outmitage transfer functioll, for
a buck-boost.
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Figure 2.10: Open-loop phase Bode plot of input to outputdfer functionM, for a buck-
boost.
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Figure 2.11: Open-loop magnitude Bode plot of input to outpansfer functionM, for a
buck-boost.
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Figure 2.12: Open-loop phase Bode plot of input to outputdfer functionM, for a buck-
boost.
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Vi (Za+(1-D)’2y)

4= Ij - D2
1 r+(1-D)°R, 5
=52 {r+sL+ [C(R +10) (1—D)}

(r+sb)(RL+rc+g)+R(rc+&)(1-D)2
DX(R.+rc+ &)

1 [rR.+rrc+ & +sLR +sbrc+ 5 +Rurc(1-D)2+ (1-D)2R
D? Ro+rc+g

1 LC(R.+rc)S?+ [C(r(rc+RL) +Rurc(1—D)?) + L] s+R.(1—D)? +r
- D? CR_+Lrc+1

(sz+ C(r(RL+rc)+Rch(1—D)2+LS+ RL(l—D)Z—H)

7 — 1 LC(R_+rc) LC(R.+rc)
' D2(LC(R_+r¢)) SC(R.+rc)+1
where
e T (2.34)
" C(R.+rc) '
L 2+ 20 oS+ R
= 2.35
Z D2 S+ ¢ (2.35)

Figs: 2.13 and 2.14 show the theoretical Bode plotg of
As shown above the Magnitude [ | decreases quickly with an increaselin

Figs 2.15 and 2.16 show the discrete point Bode plot&ifor
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Figure 2.13: Open-loop magnitude Bode plot of input impegamansfer functiory; for a
buck-boost.
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Figure 2.14: Open-loop phase Bode plot of input impedararester functiornz; for a buck-
boost
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Figure 2.15: Discrete points open-loop magnitude Bodegilwtput impedance transfer func-
tion Z; for a buck-boost.
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Figure 2.16: Discrete points open-loop phase Bode plotmitiimpedance transfer function
Z; for a buck-boost.
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Figure 2.17: Small-signal model of the buck-boost for deiemg output impedanca,.
2.1.4 Open-Loop Output Impedance

Solving for the transfer function of output impedare Output impedancg, of the buck-
boost small-signal model is shown in Fig 2.17 where all thngaitsd, vi, andip equal 0. A

test voltagey; with a current ofi; is applied to the output of the model. The ratiowto it

determine<,.
Using KVL
—Z7ij —Dvi+vw% =0 (2.36)
= (1=Dw (2.37)
Z;
KCL
ip+iz,—it=0
ip = (1—D)j (2.38)
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(1-D)%w M
Zl ot Z2

1 .

Vi (C—l——) = It (2.39)
Zp

V 1 Z
Zo = ﬁ T 1, @aDp? é+(11+D)2

Z_2+ Z: Z
R.(rc+g0)

(r+sb) <RL+rC+S—1C>

B r+sL+ ng:_i_écli(l_D)z
_ (r+sb) (R (re+ )
(r+sb) [Re(rc+ )] +RU(1-D)2(rc+ &)

CrR.re+LRL rR.
B 1 &+ LCR.Ic S+ LCR.rc

TLC(RL+rc) F+2lwest W

1 (B (sreh)
T LC(RL+rc) P+ 20 oS+ WP

]

WL = T (2.40)

1 (2.41)
W = Crc .
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_V_ Rrc (stw)(s+wn)
Zo= it (RL+Tc) +20 wos+ wl (2.42)

Figs: 2.18 and 2.19 show the Bode plots Zgr
As D increases so does the magnitudéZgfat low frequencies.

Figs: 2.18 and 2.19 show the discrete points PSpice simtLiBxde plots foiZ,.

2.2 Open-Loop Responses of Buck-Boost using

MatLab and Simulink

2.2.1 Open-Loop Response due to Input Voltage Step Change

Response of output voltagg due to a step change of 1 Volt in input voltage The total
input voltage is given by equation 3.40 wheif¢) is the unit step function and (0™) is the

input voltage before applying the step voltage.

W (t) =Vi(07) + AViu(t) (2.43)

rearranging T_{p} open-loop input control to output voleaansfer function
M_{v} open-loop input to output voltage transfer functicaydio suceptibility
Z_{i} open-loop input impedance transfer function

Z_{o} open-loop output impedance transfer function

vi(t) = AViu(t) = v (t) =i (07) (2.44)

Changing from time domain to s-domain
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Figure 2.18: Open-loop magnitude Bode plot of output impedaransfer functio, for a
buck-boost.
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Figure 2.19: Open-loop phase Bode plot of output impedamrester functiorZ, for a buck-
boost
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Figure 2.20: Discrete points open-loop magnitude Bode pfobutput impedance transfer
functionZ, for a buck-boost.
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Figure 2.21: Discrete points open-loop phase Bode plot fuidumpedance transfer function
Z, for a buck-boost
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vi(s) = L{vi(t)}

where the step change in s-domain is

W S+ W S+ W

= AViMypo— =
VO o S(2+ 27 woS+ WR) V(24 20 wos+ o)

Returning from s-domain to time domain

Vo(t) = L{Vo(8)}

producing the magnitude of the transient response is

2 o w\2 et
= AViMyo [l-i- \/l— E-i_ (a) 122 Sln(%t‘i‘(p)]

;

Where

:

o—tant| N —i—tanl( 1_(2)
g

The total output voltage response is
Vo(t) =V (07) 4+ Vo(t) t>0
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The maximum overshoot defined in equation wheyggo) is the steady state value of the

output voltage.

~ Vomax — Vo(%)
Snax = W (2.53)

Obtaining the derivative for equation and setting it eqoaéro produces the time instants at

which the maximum of, occurs

2 —11{
Vomex = 2AVi My [1+\/1_25‘*’0+<‘*’°) © ] (2.54)
W

Therefore the maximum overshoot is

2 — 711
Svex = \/1——+ ) \/61—762 (2.55)

The maximum relative transient ripple of the total outputage can be defined as

Gy — Vomex —Vo(®0) (2.56)

wherevy() is defined as the steady state value of the output voltageenGhe measured
values of the circuit areV; =48V, D =0.407VF = 0.7V, Ips=.4Q, Re =0.02Q, L =
334 mH,C =68 uF,rc =0.033Q, andR_ = 14Q. These values lead to a maximum overshoot
, Snax = 35.67 % and a relative transient rippdgax = 1.05 %.

The step change due tpis shown in Fig: 2.22 .
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Figure 2.22: Open-Loop step response due to step changeutvaltagey;.

2.2.2 Open-Loop Response due to Load Current Step Change

Response of/, due to a step change of .1 Amp ip. The total load current is given
by equation 3.40 whera(t) is the unit step function ank}(0~) is the input current before

applying the step current.

lo(t) = 16(07) + Alou(t) (2.57)

io(t) =lio(t) —1o(07) = Alou(t) (2.58)
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Changing from time domain into s-domain the step changerbeso

io(S) = — (2.59)

The transient component of the output voltage is

_AloRire (S+ W) (s+awh)
R.+rc s(s?+2{ wps+ wj)

Vo(S) = Zo(S)io(S) =

(S+ wWm)(S+ )

_ — A I 2.
oL (T 2 w5+ ) (2:60)
Switching back from s-domain to time domain
Vo(t) = L H{vo(s)} (2.61)
The total output voltage is
Vo(t) =V (07) + Vo(t) (2.62)

Again, the maximum relative transient ripple of the totaipu voltage can be defined as

B = Vomax — Vo(e)

Vo(o)

wherevomay IS the steady state value of the total output voltage. Gikemteasured values of
the circuit areV, =48V, D =0.407,VF = 0.7V, Ips=0.4Q, R- =0.02Q, L = 334 mH,
C=68uF,rc =0.033Q, andR_ =14 Q. These values lead to a maximum oversh8gix =
15575% and a relative transient rippdgax = 0.708 %. The step change dueigas shown in
Fig: 2.23.
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Figure 2.23: Open-Loop step response due to step changadrciorent,.

2.2.3 Open-Loop Response due to Duty Cycle Step Change

The step response g§ for a step change of 0.1 ihis given. The total duty cycle is given
by equation 3.40 where(t) is the unit step function and D is the duty cycle before apyi

the step change in the duty cycle.

dr(t) = D+ Adru(t) (2.63)

The time domain step change in the duty cycle is

d(t) = dr(t) — D = Adru(t) (2.64)
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leading to the s-domain version which is

d(s) = — (2.65)

The transient response of the output voltage of the opepfbock-boost in s-domain is

Vofs) = To(s)d(s) = TP
@@ (st tom)(s— o)

— _AGT
TP oz S(S2+ 2 oS+ GR)

(2.66)

Switching back from s-domain to time domain

Vo(t) = L™ H{Vo(8)}

The total output voltage is

Vo(t) = V(07) + Volt)

Again, the maximum relative transient ripple of the totalpau voltage can be defined as

By — Vomax — Vo(c)

Vo(co)

wherevomax IS the steady state value of the total output voltage. Gikemteasured values of
the circuit areV, =48V, D =0.407,VF = 0.7V, rps=0.4Q, R- =0.02Q, L = 334 mH,
C=68uF,rc =.033Q, andR_ = 14Q. These values lead to a maximum oversh8giyx =
36.01% and a relative transient rippdgax = 10.16%. The step change duedas shown in
Fig: 2.24 .
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Figure 2.24: Open-Loop step response due to step changéyicyhied.
2.3 Open-Loop Responses of Buck-Boost Using

PSpice

2.3.1 Open-Loop Response of Buck-Boost

A circuit showing the open-loop buck-boost is shown in F@R2and a model of this circuitis
shown in Fig 2.1. The measured values of the circuit¥re: 48 V,D = 0.389,L = 334 mH,
C=68uF,rc=0.033Q,r. =0.32Q andR_ =14Q. An International Rectifier IRF150 power
MOSFET is selected, which has/gss= 100V ,Igy = 40A, rps=55mQ, C, = 100 pF, and
Qg = 63nC. Also, an International Rectifier 10CTQ150 Schottkyn@won Cathode Diode is
selected with &g = 100V, lr(av) = 10A,VE =0.73V andRr = 28mQ . The duty cycle for
the MOSFET changes from 0.407 to 0.389 to obtain the cormetgiud of —28 V as predicted

using MatLab. Also the switching frequency fd§ which controls the duty cycle is 100kHz
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Figure 2.25: Open-loop buck-boost model with disturbances
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Figure 2.26: Open-loop buck-boost response without distuces.

allowing for a fast response time. The disturbances to teeayarey;, io andd.

The output voltage of the buck-boost without any disturlesr@an be seen in Fig 2.26 . The
maximum overshoot is 425 %, settling time within five percent of steady state vafu@ms,

and settling time withing one percent of steady state valens.
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Figure 2.27: PSpice model of Open-Loop buck-boost with stegmge in input voltage.

2.3.2 Open-Loop Response due to Input Voltage Step Change

The PSpice circuit with step change in input voltage is showiig 2.27. An additional
voltage pulse source of 1 volt was added with a delay of 10 mshat the circuit ran for
sufficient time to reach steady state value, and then thartiestce is activated. The output
voltage of the buck boost can be seen in Fig 2.28. The volipgteris.22 volts contained be-
tween—27.33V and—27.55V, the average value of steady state-&7.425V. The maximum
overshoot isSyax = 21.74% and settling time within one percent is 2ms which costéie

ripple of steady state value. The relative maximum oversiso®y,x = 0.455 %.

2.3.3 Open-Loop Response due to Load Current Step Change

The PSpice circuit with step change in load current is shawhig 2.29. An additional
current pulse source of .1 Amp was added with a delay of 10 nthaahe circuit ran for
sufficient time to reach steady state value, then the disho®is activated. The output voltage
of the buck boost can be seen in Fig 2.30 . The voltage rip&BV and the output voltage
is contained between28.36V and—28.14 V. the average value of steady state-BR2.25V .
The maximum overshoot Sy.x = 88% and settling time within one percent iglins which

contains the ripple of steady state value. The relative mari overshoot i®yax = 0.779 %.
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Figure 2.28: Open-Loop step response due to step changgutvaltage using PSpice.
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Figure 2.29: PSpice model of Open-Loop buck-boost with stegnge in load current.
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Figure 2.30: Open-Loop step response due to step changadrtiorent using PSpice.

2.3.4 Open-Loop Response due to Duty Cycle Step Change

The PSpice circuit with step change in duty cycle is showng2=31. An addition voltage
pulse source is added with a switch now on both Pulse gemsratbe first pulse generator
has its switch closed and running for the first ten ms so thantachieve the desired steady
state value then simultaneously the switcNas opened and the switch Y6y is closed with
the new duty cycle increased by 0.1. The output voltage obtlok boost can be seen in Fig
2.32 . The voltage ripple is.B4V the average voltage of steady state-34.03V and the
output voltage is contained between the bounds88.86V and—34.2V . The settling time

is within one percent, which contains the ripple, of steadyesvalue is Zms.
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Figure 2.31: PSpice model of Open-Loop buck-boost with stemge in duty cycle.
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Figure 2.32: Open-Loop step response due to step changéyieyhie using PSpice.
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3 Closed Loop Response

3.1 Closed Loop Transfer Functions

Fig 3.1 shows the power stage of a buck-boost converteritingth single-loop control
circuit. The control circuit is a single-loop voltage modetrol. A small-signal closed-loop

model of the buck-boost is shown in Fig 3.2.

A block diagram of the closed-loop buck-boost is shown in&i§ v; , Ve, Vc andvs are
all ac components of the reference voltage, error voltaggub voltage of controller and and
feedback voltage respectivelij is the small-signal control to output transfer function fud t
non-controlled buck-boostVy is the open-loop input to output voltage transfer functigg.
is the open-loop output impedancgy, is the transfer function of the pulse width modulator
(PWM). The function is the inverse of the hiegth of the ramfiage being sent to the second
op-amp which is being used as a comparaigiis the transfer function for the lead-intergral
controller andT is the loop gain. The circuit is one control input and two alibinces and
one output where the independent inputs\gres;, andio respectively and the output ig.

The output voltage is expressed in transfer functions as

_ TeTmTp My _ Zo .
= Vr + Vi — lo
1+ BTcTmTp 1+ BTcTmTp 1+ BTcTmTp

Vo(S)
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Figure 3.1: Closed loop circuit of voltage controlled bumbest with PWM.
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Figure 3.2: Closed loop small-signal model of voltage colfed buck-boost.
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Figure 3.4: Simplified block diagram of a closed-loop snsédjnal voltage controlled buck-
boost.

A M 7
e I

lo = TgVr +Myg Vi — Zogllo (3.1)
WhereA = T TmTp andT = BA

PWM transfer function is expressed
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Tm

= (3.2)

&
N2
<
3

WhereVrn, is peak value of the triangular pulse.

Combining Ty, and Tp together, the control to output transfer function is pragtligiving a

new functionTmp, given by

Vol'c (S+ Wm)(S— wyp)

Tmp(S) = Tm(S) Tp(S) = 3.3
mp( ) m( ) p( ) VTm(l_D)(RL+rC) 52—1-256008-1-608 ( )
VorC
Tmpx = 3.4
P Vrm(1-D)(RL+rc) 54
T, Vol cWm Wy
Tpo = TmTpo = = = ° P 3.5
Figs: 3.5 and 3.6 show the Bode plotsTgf,.
To find the compensator value fifig
v
k= —f|vi:0 = BTmTp = BTmp
Ve
_ .BVOrC (S+ Q)Zn) (S+ Q)Zp) (3 6)
Vrm(1-D)(RL+rc) 42 wos+ wd '
BVorc
Tix = 3.7
= Vi1 D)(RL+ 7o) &)
Tio BVol cWmWzp (3.8)

~ Vrm(1-D)(R.+rc) Wl
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Changing from s-domain intpcwo domain gives

¢r, = —180 +tan ! (L) —tan! (%) —tan ! | 22
1

fn

Figs: 3.7 and 3.8 show the Bode plotsipf

3.1.1 Integral-Lead Control Circuit for Buck-Boost

(3.9)

(3.10)

(3.11)

The following reasons explain the need for a control cirgudc-dc power converters:

1. To achieve a sufficient degree of relative stability, aceptable gain between 6 to 12

dB and phase margins betweert 4hd 90.
2. To reduce dc error.
3. To achieve a wider bandwidth and fast transient response.

4. To reduce the output impedantg .

5. To reduce sensitivity of the closed-loop gdu to component values over a wide fre-

guency range.

6. To reduce the input to output noise transmission.
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Figure 3.5: Magnitude Bode plot of modulator and input cointo output voltage transfer
function Ty, for a buck-boost.
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Figure 3.6: Phase Bode plot of modulator and input controLitput voltage transfer function
Tmp for a buck-boost.
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Figure 3.7: Magnitude Bode plot of the input control to outpaltage transfer functioy
before the compensator is added for a buck-boost.
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Figure 3.8: Phase Bode plot of the input control to outputag® transfer functiofy before
the compensator is added for a buck-boost.
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Figure 3.9: The Integral Lead Controller
Fig 3.9 shows the integral-lead controller that was chosghis controller was chosen
because the integral part of the controller allows for higimgt low frequencies but introduces
a —90°phase shift at all frequencies. This causes stability sstrech is negated by the lead

part of the controller that compensates for the phase lagrareé. Theoretically is should

introduce a 180 phase lead but practically produces a shift of betweer? 480 160. The

impedances of the amplifier are

Ry <R3+5%)
Z; =h11+—31
R1+R3+f3

h11 <R1+R3+ 5%3) +Ry <R3+ 8%3)
B R1+R3+Sci3

_ C3hysRy +5C3h1aRs + s + RiRssC3 + Ry
L3R+ L3Rz +1

hy1+R
Cs(h1(Ri+Rs) + RiRs) ST Cs(h11(Ril+R3%+R1Rs)

Ca(R1+Re) St R Ry
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h11+R;1
RR S+
_ <h11+( 13 ) Csz(h11(Ri+R3)+R1Rg) (3.12)

1
R1 + Rs) St SRR

1 1
CE(Rrd) dRiods

Zi = =
1 1 1 1
RZ‘i‘fl—f—fz R2+§+§

_t —<S+ i) (3.13)

Co C1+Co
S(S+RrReic,

and
RaRs
Ra+Rs’

hi1=

Assume infinite open-loop dc gain and open-loop bandwidtthefoperational amplifier.

Therefore, from equations 3.12 and 3.13, the voltage tearfishction of the amplifier is

(e
+
A=Y _ Z_ g (s meics)
- - . RiR
v (s) Zi hat R;H%z S+C3<h11<glll+}2%+R1R3)
St 3Ry +Rg)
(s+ i) (s+ #>
B R1+R3 R.Co C3(R1+Rs) (3.14)
~ Co(h1(Ri+Rs) +RiR Ci+C hyy+R '
2(Ma(Ra+Rs) + RiRs) S<S+ R21(31(322> <S+ CS(hll(RiiRS:;"‘RlRS))

Because;, =0, Ve = vy — Vi = —Vs, the voltage transfer function of the integral lead corrol

is
T=le_ Vel8) _p (St 0m)(St ) (3.15)
Ve Vi (S) S(S+ Wpc1) (S+ Wpe2)
where
B— Ri+R3
Cz(h11(R1 + R3) + RyRs)
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1
Wyl = <S+ —R2C2>

1
ez ( c3<R1+R3>)

B G+
Wpcl = <S+ chlcz)

B h11+Ry
Wpe2 = <S+ Cs(h11(R1+Rs) + Rle))

Assume thatvye) = Wy = Wy aNdWpcr = Wpc2 = Wpe. Therefore

K — Wpcl _ Wpc2 _ Wpc
Wl W2 W

Ci1+Cy hi114+-Ry
_ RCiC;  Cz(hia(Ri+Rs)+R1Rs)
- 1 - 1
RoCq Cg(Rl-i-Rg)
h R)(R{+R C
_ (utR)Ri+Ry) ;G (3.16)
h11(R1 +R3) + RiR3 Cy

This leads to the voltage transfer function of the contrdtiebe

2
- E _B (S-l- (Uzc)z -B (S+ OL)zc)z . B(1+&:)

o= e ™ S(s+wpe)?  S(S+wpe)?  K2S(1+53)2

Fors= jw, the magnitude and phase shiftTgfis

~ Bl+g)? B 1
KL+ 802 wnK  @nCo(Ry+hu)

Te(jw)

a7



and

Design of Integral Lead Controller

For stability reasons a gain margéM > 9dB, a phase margiBM > 60°, and the cutoff
frequencyf. = 2kHz is chosen. The values of the buck-boost\are 48V, D = 0.407Vr =
0.7V, rps=0.4Q, R =0.02Q, L =334 mH,C =68 uF, rc = 0.033Q, andR_ = 14 Q.

The maximum value of phase T3 occurs

Wpe _ vK _ hi1+Ry
VK RCi  /KCz(h11(Ry +R3) +RiRs)

W = W = VKW =

Therefore the maximum phase shift possible can be desdojped

@ = QTc(fm) + 7—2-[ —2tan! <E)

Solving for K leads to
1+sin( %
() (0, 1)

1 sin(%) :

4 4

NE

Therefore,

@ = — 11+ 4tan 1(VK)

AssumingvTn = 5V , the reference voltage is
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The feedback network transfer functi@is

Ve W Ra 2
_VF_VR_ _ — £ _ _00714
B Vo Vo Ra+Rs 28

AssumingRg = 910Q, Ra IS

Ra=Rs (% — 1) = 910(%— l) =11.83kQ = 12kQ

If Rg =910Q, Ry = 12kQ then

RaRe
Ra-+Re

hy» can be neglected becauRg+ Rg is so much larger theR, .

hi1 =

= 846Q.

Utilizing the cutoff frequencyf; the phasepr, andg, are

20 e
f f
¢r, = —180+tan! (—C> —tan? (—C) —tant| —L
fZﬂ pr 1

and

@n=PM — ¢, —90=1539°.

This leads to

_ @ TN
K_tar12<4+4)—76.42.

Knowing K, f,c and fp are calculated

f
fzc: <

=228779Hz

=
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and

fp = feVK = 17.484kHz

The magnitude ofy andT; are used to calculate B

Vi ()Y ()

|Tk| = Tko

1 1

T = — = —
Tel IT| ~ .1954

=5.141

Therefore

B = wK|T| = 4.9374x10°rad/s

Values of compensator are calculated. Assiine- 100kQ and using the equations above

To(f
C, = _ Mfe)l _ 15350F ~ 15nF

o (R1+h11)

Ra — Ry [Ry —hyy (K —1)]
°7 (K=1)(Re+hay)

=475Q ~ 470Q

C1=Co(K —1) = 11.313nF ~ 12nF

R, — VK 57.97kQ ~ 56kQ
wC

1

Ri+h11

C3=
VKo [RiRs + h1(R; + R3)]

=6.95nF~ 6.8nF
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The pole and zero frequencies of the control circuit witmdtad resistor and capacitor values

are
fr1 = =———— = 23684H
21 = 5o = 23684Hz
frep = ! — 23296 Hz
27 2nCa(Ri+Rs)
C
foer = frc1 (—1 + 1) — 19.184kHz
C
and

Ri+hi1
2nC3[R1Rs +h11(R1 + R3)]

Figs: 3.10 and 3.11 show the Bode plotsTef

3.1.2 Loop Gain of System

Loop gain of the system is

Vi
T(S) = V_ |Vi:io:0 = BTchTp = Tch
e

T(s) =

B BBVorc ((S+ Wre)?(S+ Wm) (S— ‘Uzp))
Vrm(1=D)(RL+rc) \ S(S+ Wpc)?2+ 2 wps+ wf)

(54 W) ?(S+ W) (S— wyp)
T(s) =Tx <S(S+ )T s w(%) (3.17)

where
BBvorc

= “Vrm(1—D)(R_+r¢)

(3.18)
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Figure 3.10: Magnitude Bode plot of the controller trangterction T for a buck-boost.
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Figure 3.11: Phase Bode plot of the controller transfer tioncT; for a buck-boost.
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Figs: 3.12 and 3.13 show the Bode plotsTaf The controller expands the bandwidth by

moving the gain cross-over frequency by one kilohertz.

3.1.3 Closed Loop Control to Output Voltage Transfer Function

The control to output voltage closed-loop transfer functid the buck-boost is

Vo Tl gl 1T
d= v_,|'°:V‘:°_ 1+ BTcTmT, 14T B1+T
L1 BBVorc { (S+ Wee) 2(S+ W) (S— Wp) ]
T B Vim(1-D)(Ru+1c) | S(s+ wpe)2 (P + 20 oS+ )
2 _
Ty = [ (st 2(S+ W) (S — Wrp) (3.19)
B\ s(s+ wpc) (42 wos+ wd)

Figs: 3.14 and 3.15 show the Bode plotsigt Figs: 3.16 and 3.17 show the discrete point

Bode plots ofTy.
3.1.4 Closed Loop Input to Output Voltage Transfer Function
The input to output voltage closed-loop transfer functibthe buck-boost is

Vo My
Myo = —|v,=j.—0 =
vcl Vi |vr_|o_0 14T

(1-D)DR_rc S+zn
Mo — LR+rc) SP+20 wpS+aR
vl = 14— BBVorc < (S+Wec)A(S+Wen) (S—Wyp) )
Vim(1-D)(RL+rc) \ S(S+wpc)?(S+2 aoS+ws)

B MW% (S(S+ U)pc>2(32+25w05+ wc2>>)
 S(s+ wpe)2(SP+ 2L wos+ ) + Tx(S+ Wye) 2(S+ W) (S— Wyp)
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Figure 3.12: Magnitude Bode plot of the loop gain transfeiction T for a buck-boost.
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Figure 3.13: Phase Bode plot of the loop gain transfer fondfi for a buck-boost.
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Figure 3.14: Magnitude Bode plot of the input control to autpransfer functionly for a
buck-boost.
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Figure 3.15: Phase Bode plot of the input control to outpangfer functionly for a buck-
boost.
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Figure 3.16: Magnitude Bode plot of the input control to autpransfer functionly for a
buck-boost.
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Figure 3.17: Phase Bode plot of the input control to outpangfer functionly for a buck-
boost.
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B MuxS(S+ Wpc) %S+ W (3.20)
S(S+ Wpe)2(SP+ 2 woS+ WB) + Tx(S+ W) 2(S+ W ) (S— Wyp) '

Figs: 3.18 and 3.19 show the Bode plots of input to outputagattransfer functioiq .

Figs: 3.18 and 3.19 show the discrete point Bode plotdgf.

3.1.5 Closed Loop Input Impedance

Fig 3.2 is used to derive the equations for the input impeeasad setting, = 0,

From the small-signal model of the buck-boost in Fig 3.2 asidgiKCL

—l.d —Di; +1i —|—i22:0

i|(1—D):ILd—Z—2 (3.22)

Rearranging gives
I = (1—D) (1—D)Zz' (3.23)
Ij =Dij +1.d (3.24)

Substituting equations 3.21 and 3.23 into 3.24 providegthmation

. IL.d Vo
=0 (@50 o) e
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Figure 3.18: Magnitude Bode plot of the input to output vgédransfer functioM, for a
buck-boost.
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Figure 3.19: Phase Bode plot of the input to output voltagedfer functioriM, for a buck-

boost.
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Figure 3.20: Magnitude Bode plot of the input to output vgédransfer functioM, for a
buck-boost.
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Figure 3.21: Phase Bode plot of the input to output voltagedfer functioriv, for a buck-

boost.
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i =D (('L(sz’;‘fm) - (1_\’5)22) + |L(—BVoTch)>

VoD

. D
= BT T [ —— +1
lj (1-D)Z, LBVoTe m(l—D+ )

Vo _ [LBVoTcTm
(1-D)Z; (1-D)

o D 1L BVoTeTm
I'__((l—D)Zz+ (1-D) )V°'

DC analysis gives the equation

and

_ Dij+1Ip.d

Vi
Yicl = _|v =0

Substituting equations 3.26 and 3.22 into 3.28 gives thatsmu

D ILBTcTm
(i om o )

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

Using the definition ofq, equations 3.20 and dividing through By yields the equation

. IoBTch D Vo
B ((1— D)2 (1- D)Zz) Vi
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loBTcTm D
= ((1—D>2 B (1—D)Zz) Vel

~ (1oBTcTm D My
- ((1—D)2 B (1—D)Zg) 14T

(1-D)DR.rc St+Wzn
My C(R+Tc) S+2lapstaR

Tp - Vo (5+(A)zn)(s+wlp)
(1-D)(RL+rc) s?+2 aostw?

My (1-D)’RD  D(1-D)?

T LVo  Llo(S— typ)
_ [ D(1-D)?
My = <7Llo(s— wzp>) Tp (3.30)
B (D(l—D)ZTp) (IOBTCTm) B BT
“ \Llo(s—wyp) / \(1-D)2)  L(s—wyp)(1+T)

T DM
YicI = B Y

L(s—wp)(1+T) (1-D)Z2(1+T)

102 Myg (3.31)

_ L(1—-D)RLrc(S— wep)(S+ wm)

[ Bo-D)R et (T ) (s @ec)2(5+ @) (5 ) +D(RL+C) (5t 6 )L (5 np) (- 22C ) (5 cpe) 2o
S(S+Wpc) 22420 oS+ 8 )+ T (S+Wrc) 2 (S+zn) (S— e p)

(3.32)

, L [S(5+ tpe) ?(S? + 2 wpS+ W) + Ti(S+ i) 2(S+ W) (S— )|
o DTx(S+ W) ?(S+ W) + D2S(S+ rc) (S+ wpe)?

(3.33)
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NUMZi¢) = S(S+ pe) 2(S + 20 aoS+ W) + Tx(S+ wxe)2(S+ W) (S— wrp)

= (S*+ 20pcS” + WpeS) (S + 20 woS+ W) + T (S + 2005+ W) (S + (— Wyp + Wim) S— WepWim)

NUMZig = 8>+ 5*(20 o+ 2wpc+ Tx) +S° [005 + Wi + 4o 0pe + TX((— Wzp + W) + 200c) | +

&2 [20pc 0 + 28 o + Tl — WrpWim + 200 (W — ogp) + W2 +

S [wcz, + Ol)gc + Tx(— 20 Wrp Wi + Wac(—Wgp + wzn))} - wazzcwzpwln (3.34)

DenZig = D?s" + 8* [DTy + 20pc + o] + 5 [D T Wi + 200c) + D (whe + 2ctpe) | +

S[DTx(20Wsetm + w2,) + D?(rcwie)] + DTxwmw (3.35)

Figs: 3.22 and 3.23 show the Bode plots of closed-loop inppedance;y. Figs: 3.24 and

3.25 show the discrete point Bode plots of closed-loop imppedancey .

3.1.6 Closed Loop Output Impedance

The closed-loop output impedance for the buck-boost is
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Figure 3.22: Magnitude Bode plot of the input impedancedi@nfunctionz;y for a buck-
boost.
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Figure 3.23: Phase Bode plot of the input impedance trafigfetionZ,y for a buck-boost.
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Figure 3.24: Magnitude Bode plot of the input impedancedi@nfunctionz;y for a buck-
boost.
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Figure 3.25: Phase Bode plot of the input impedance trafigfetionZ,y for a buck-boost.
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Rirc (St )(s+wn)
Ri+rc) S2+20 wos+w?

1+T

ZocI:(

ZoxS(S+ Wpc)?(S+ Wa) (S+ @)

(S+ Wpo)2(S+ 2 WoS+ WB) + Tx(S+ Wre)2(S+ W) (S— Wgp) (3.36)

ZocI:S

Figs: 3.26 and 3.27 show the Bode plots of closed-loop outpoedancey . Figs: 3.28 and

3.29 show the certain discrete point Bode plots of closed tmdput impedancgy .

3.2 Closed Loop Step Responses of Buck-Boost

3.2.1 Closed Loop Response due to Input Voltage Step Change

Response of output voltagg due to a step change of 1 Volt in input voltage The total

input voltage is given by equation 3.37.

Wi (t) =Vi(07) + AViu(t) (3.37)
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Figure 3.26: Magnitude Bode plot of the output impedancestier functionZyy for a buck-
boost.
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Figure 3.27: Phase Bode plot of the output impedance trafisietionZ,y for a buck-boost.
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Figure 3.28: Magnitude Bode plot of the output impedancestier functionZyy for a buck-
boost.
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Figure 3.29: Phase Bode plot of the output impedance trafisietionZ,y for a buck-boost.
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Vo(t) =V(07) +Vo(t)

The maximum overshoot defined in equation whegeo) is the steady state value of the

normalized output voltage.

~ Vomax — Vo(°°)

S = - ) (3.38)

The relative maximum ripple defined in the following equatwherev, () is the steady state

value of the output voltage.

S = Vomax — Vo()

Vo (%)
wherevy()is defined as the steady state value of the output voltageenGhe measured
values of the circuit are¥; =48V, D =0.407Vg = .7V, rps=0.4Q, Rr =0.02Q, L =
334 mH,C =68 uF, rc = 0.033Q, andR_ = 14 Q. These values lead to maximum relative
transient rippl&dmnax = 0.625%. The step change duevias shown in Fig:??.

3.2.2 Closed Loop Response due to Load Current Step Change

Response of output voltagg due to a step change of 0.1 Amp in load currignt
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Figure 3.30: Closed Loop step response due to step change in
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Vo(t) = L{Vo(s) }

Vo(t) = V(07) + Vo(t)

The maximum overshoot defined in equation whegeo) is the steady state value of the

normalized output voltage.

(3.39)
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Figure 3.31: Closed Loop step response due to step chamge in

wherevy()is defined as the steady state value of the output voltageenGhe measured
values of the circuit areV, =48 V,D =0.407,VFk = 0.7V, rps=04Q, R =.02Q, L =
334 mH,C =68 uF, rc =0.033Q, andR_ = 14 Q. These values lead to a maximum relative
transient ripple oidmax = 0.375%. The step change due to load curiigris shown in Fig:
3.32.

3.2.3 Closed Loop Response due to Reference Voltage Step

Change

Response of output voltagg due to a step change of 1 volt in reference voltage

VR(t) =VR(07) + AVRU(t)
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Vo(S) = Tpdl (S)vr ()

Too A
Vo(S) = pd =R

Vo(t) = L{Vo(s) }

Vo(t) = V(07) + Volt)

The maximum undershoot is defined as

Sy — Vomax — Vo()

o) (3.40)

wherevy () is defined as the steady state value of the normalized outftape. The relative

maximum ripple defined in equation whegg w)is the steady state value of the output voltage.

B = Vomax — Vo(e)

Vo(eo)
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Figure 3.32: Closed Loop step response due to step change in

Given the measured values of the circuit ave= 48 V,D = 0.407Vr = 0.7 V, rps = 0.4 Q,
Rr =0.02Q, L =334 mH,C =68 uF, rc =0.033Q, andR_ = 14 Q. These values lead to
a maximum undershoot @ ax = 2857 % and a maximum relative transient rip@lgx =

9.25%. The step change duevois shown in Fig:??.

3.3 Closed Loop Step Responses using PSpice

3.3.1 Closed Loop Response of buck-boost

A circuit showing the closed-loop buck-boost and contretwit is shown in Fig 3.33.
The measured values of the circuit ai: = 48 V, D = 0.389, L = 334 mH,C = 68 uF,
rc =0.033Q, r. =0.32Q andR_ = 14Q. An International Rectifier IRF150 power MOSFET
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Figure 3.33: Closed loop buck-boost model with disturbance

is selected, which hasvss= 100V ,Igy =40A,rps=55mQ, C, = 100 pF, and)q = 63nC.
Also, a International Rectifier 10CTQ150 Schottky CommoithGde Diode is selected with
aVk =100V, lga) = 10A, VF = 0.73V andRes = 28mQ . The control circuit contains
a National Semiconductor LF357 op-amp. The op-amp seldstedt rail to rail and has
aVmax = £18V . The voltage divider values fg8 are Ra = 12kQ and Rg = 910Q. The
control circuitis shown in Fig 3.9 and contains the follogivalues:R; = 10kQ, R, = 56kQ,

R; = 470Q, Rbd = 100kQ, C]_ =12 nF,C2 =.15 nF,C3 =6.8nF, and111 = 846Q.

The output voltage of the buck-boost without any disturlesnar step changes can be seen
in Fig 3.34. The relative maximum overshootjgyx = 1.78%, and a settling time within two

percent of steady state value ir22ns.

3.3.2 Closed Loop Response due to Input Voltage Step Change

The PSpice circuit with step change in input voltage is shawhig 3.35. An addition
voltage pulse source of 1 volt was added with a delay of 10 mihabthe circuit ran for

sufficient time to reach steady state value before the diahae is activated.
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Figure 3.34: Closed loop buck-boost response without hances.
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Figure 3.35: PSpice model of Closed Loop buck-boost with steange in input voltage.

The output voltage of the buck boost can be seen in Fig 3.3 vdliage ripple is @22 volts
contained betweer-28.65V and —28.3V, the average value of steady state-i28.475V.
The maximum overshoot §,.x = 72 % and settling time is within two percent im& which
contains the ripple of steady state value. The relative mari overshoot i®ax = 0.526 %.
The reason steady state did not return-28 as predicted by MatLab is because of the non-

ideal op-amps. The gain is only 667, not infinite, as showhéNatLab model.

3.3.3 Closed Loop Response due to Load Current Step Change

The PSpice circuit with step change in load current is showkig 3.37. An additional current
pulse source of 0.1 Amp was added with a delay of 10 ms so theatitbuit ran for sufficient

time to reach steady state value, and then the disturbaactivated.

The output voltage of the buck boost can be seen in Fig 3.38 vohage ripple is35V, and
the output voltage is contained betweef7.81V and—28.16 V. the average value of steady
state is—27.99V .The relative maximum overshodtax = 1.07 % and settling time is within

two percent in 2 ms which contains the ripple of steady state value.

76



-27.8

-28

-28.2
S
= -28.4
o
>
-28.6
-28.8

-29

t (ms)

Figure 3.36: Closed Loop step response due to step changeuhvoltage using PSpice.

S+

<+
R
o D
2
2+<

Figure 3.37: PSpice model of Closed Loop buck-boost with stenge in load current.
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Figure 3.38: Closed Loop step response due to step changadrcurrent using PSpice.
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Figure 3.39: PSpice model of Closed Loop buck-boost with steange in duty cycle.

3.3.4 Closed Loop Response due to Reference Voltage Step

Change

The PSpice circuit with step change in reference voltageas/a in Fig 3.39. The Piecewise

Linear function in PSpice is utilized to create a step funmtin the reference voltage.

The output voltage of the buck boost can be seen in Fig3.4@&.vdhage ripple is @12V,
the average voltage of steady state-30 V and the output voltage is contained between the
bounds 0f-30.13V and—29.85V . The maximum oversho&x = 675 %, and settling time
is within two percent in 6ms, which contains the ripple ofastg state value. The relative

maximum overshoot i&max = 45%
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Figure 3.40: Closed Loop step response due to step changkeiemce voltage using PSpice.
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4 Conclusion

4.1 Contributions

The principles on operation of open-loop and closed-loajefdc-dc buck-boost converter
is discussed. Also, design and analysis of an intergral4gae Il controller for the closed-
loop buck-boost is discussed. Equations for the transfections and step responses for a
selected prechosen design of a dc-dc buck-boost convétethe selected design, the step
response and Bode plots is found using both matlab and PSpice observations can be

summarized as:

1. The discrete point Bode plots found coincide with the thgcal Bode plots given by
MatLab.

2. The step responses determined by PSpice are consisthntheitheoretical step re-

sponses given by MatLab.

3. Stabilizing the buck-boost converter is a challenge bseaf the RHP zero but can be

accomplished by using a type Il controller.

4. The theoretical phase shift achieved by the integral-ie480 but in reality only 150

to 160 can be achieved.

5. The magnitude of input to output voltage transfer furrctid, is reduced by negative

feedback.
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4.2 Future Work

Improving the response time, efficiency and reducing lossasmajor challenge because
of the practical limitations of a buck-boost conveter. $elegy the MOSFET, diode, and cur-
rent transformer for experimentation for small-signallaggtions is a good choice for future
research. Voltage mode control and Current mode contrdleoPWM dc-dc buck-boost. As
well as distinguish the characteristics of finding a Bodd plithout using discrete points.

Also, finding a methodology for the charateristics of a smsajhal model.
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Appendix A

Vo DC output voltage
Vo AC component of the output voltage

Vo Total output voltage

lo DC output current

io AC component of the output current
io Total output current

d AC component of duty cycle

D DC component of duty cycle

V; DC input Voltage

v; AC component of the input voltage
v; Total input voltage

rps Parasitic on-resistance of the MOSFET
r. Parasitic componet of Inductor

Re  Forward resistance of the diode

Ve Forward voltage drop of diode

Voo DC component of the voltage between MOSFET and Diode
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Veg AC component of the voltage between MOSFET and Diode

r  Combination of parasitic componets of mosfet, diode, adddtor

C Capacitor

L  Inductor

L DC inductor current

ii  AC component of inductor current

iL Total inductor current

rc Parasitic component of capacitor

R. Load resistor

Z; Impedance caused by the series combinatianasfd inductor

Z, Impedance caused by the parallel combination of load mesasid capacitor
Tp Open-loop input control to output voltage transfer funetio

M, Open-loop input to output voltage transfer function, awlioeptibility

Z; Open-loop input impedance transfer function

Z, Open-loop output impedance transfer function

Ty Closed-loop input control to output voltage transfer fumet

Myq Closed-loop input to output voltage transfer function,iawsiceptibility
Ziy Closed-loop input impedance transfer function

Zoq Closed-loop output impedance transfer function

T, Compensator transfer function

T Loop gain transfer function
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Tm Modulator transfer fuction

Tmp Modulator and open-loop input control to output transfeatifon
Tx Gain of the system before control added

A Forward gainlcTyp

85



References

1. M. K. Kazimierczuk, Class notes, EE 742-Power Electre@HidNright State University,
Winter 2006.

2. R. D. Middlebrook and S. Culddvances in Snitched-Mode Power Conversion, vols. |,
[l, and lll. Pasadena, CA: TESLAco, 1981.

3. J. G. Kassakian, M. F. Schlecht, and G. C. VerghPsknciples of Power Electronics,
Reading, Mass.: Addison-Wesley, 1991.

4. N. Mohan, T. M. Undeland, and W. P. Robbifswer Electronics. Converters, Appli-
cations, and Design, 3rd Ed.,New York: John Wiley \& Sons, 2004.

5. DATEL, Inc.,Power Converter Theory, Available: www.datel.com.

6. G. Massobrio and P. Antoget&emiconductor Device Modeling with SPICE, 2nd Ed.
New York: McGraw-Hill, 1993.

7. www.irf.com.
8. www.national.com

9. M. K. Kazimierczuk, N. Sathappan, and D. Czarkowski, t&gk-mode controlled
PWM buck dc-dc convertersProc. of the IEEE National Aerospace Conf. (NAE-
CON'93), Dayton, OH, May 24-28, 1993, vol. 1, pp. 1253-1256.

10. M. K. Kazimierczuk and R. Cravens, Il, and A. Reatti, "§&#d-loop input impedance of

86



11.

12.

13.

the PWM buck-derived dc-dc converter$EEE International Conference on Circuits

and Systems, London, U.K., May 30-June 2, 1994, vol. 6 pp. 61-64.

M. K. Kazimierczuk and R. Cravens, Il, "Closed-loop ihpupedance of a voltage-
mode-controlled PWM buck-derived dc-dc convertetBEE 37th Midwest Symposium
on circuits and Systems, Lafayette, LA, August 3-5, 1994, pp. 1253-1256.

M. K. Kazimierczuk and R. Cravens, Il, "Closed-loop @weristics of voltage-mode-
controlled PWM boost dc-dc converter with an integral-leadtroller,"Journal of Cir-

ciuts, Systems, and Conputers, vol. 4, no.4 pp. 429-458, December 1994.

M. K. Kazimierczuk and R. Cravens, Il, "Input impedan€a closed-loop PWM boost
dc-dc converter for CCM,1EEE International Conference on Circuits and Systems,

Seattle, WA, April 30-May 3, 1995, pp. 2047-2050.

87



