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Mitigation of Destabilizing Effects of CPL in a Buck
Converter Feeding a Mixed Load

The Chapter 2, addressed mitigation of the destabilizing effects of CPLs in dc/dc boost
converter based equivalent dc distribution system using SMC approach. This chapter deals with
mitigation of the CPL induced negative impedance instabilities in a dc/dc buck converter. A
buck converter is usually used in a dc distribution system to step-down the dc voltage, either
to extend the primary distribution for low voltage applications or to meet a specific low voltage
requirement of a load. The system considered in this chapter consists of a dc/dc buck converter
feeding a realistic load profile consisting of resistive and CPL components, representing a
buck converter based equivalent dc distribution system with tightly-regulated POLC. Nonlinear
switching function based discontinuous and PWM based sliding mode controllers are proposed
to mitigate CPL induced instabilities (e.g. limit cycle oscillations and voltage collapse) and
to ensure output voltage regulation. The existence of the sliding mode and stability of the
switching surface have been proved analytically. The effectiveness of the controllers has been
validated using simulation studies and experimental results.

3.1 MATHEMATICAL MODELING OF BUCK CONVERTER WITH MIXED LOAD

The circuit diagram of a non-isolated dc/dc buck converter feeding a mixed load (CPL
and CVL) is shown in Figure 3.1. The converter is assumed to operate in CCM. Now considering
the circuit diagram of Figure 3.1, the total instantaneous current drawn from the load bus is
given by

. Vbus(t) P
us\l) = 5 us\I 1
Ipus (1) R, +Vbux(t) Vo vpus(t) > € (3.1)
that is,
ipus(t) = iroad(t) = icpL +icviL (3.2)

where P is the rated power of the CPL, Ry is the resistance of the CVL, icpy is the current
drawn by the CPL, icyr is the current drawn by the CVL, vy, is the voltage at the load bus
(Vve=vo=Wpys) i.€., output voltage vy of the buck converter and € is a small positive value.

The state-space averaged model of the system shown in Figure 3.1 is given by
dx1 E 1

&SIt (3.32)
dx; 1 1.

E = EX1 - ElLoad (33b)
Vo = X2 (33C)

where x; and x, are the moving averages of inductor current iy, and capacitor voltage v¢
respectively. E is the input voltage of the converter. L and C, are converter’s inductance and
capacitance parameters respectively. u € {0, 1}, is the control input. Furthermore, x;, x, € Q,
where set Q is a subset of R? i.e.

x1,x €QC Ri\{O} and x; >0, x>0 (3.4)
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Figure 3.1: Circuit diagram of a DC/DC converter feeding a combination of CPL and CVL

The parasitic components, inductor’s series resistance and capacitor’s Equivalent Series Re-
sistance (ESR) etc., increase the effective damping of the system, and can provide damping to
oscillations induced due to negative impedance instabilities [Huddy and Skufca, 2013]. There-
fore, to consider a worst case scenario, from the stability point-of-view, an ideal model of the
converter is considered. Therefore, with these assumptions the designed controller would be
subjected to the most severe situation of negative impedance instabilities in the system.

3.2 SLIDING MODE CONTROL DESIGN

In this section, a discontinuous (variable switching frequency) and PWM based SMCs
are proposed for the dynamic model defined in (3.3). Limit on total power to ensure stability
is also computed.

3.2.1 Discontinuous SMC

In this subsection, the modified nonlinear switching function to design a discontinuous
SMC is introduced, followed by definition of a control law, which brings sliding mode in finite
time. The discontinuous SMC has variable switching frequency, which may reach a very high
value to maintain sliding mode. However, discontinuous SMC ensures high degree of robustness
as sliding mode s = 0 is maintained.

(a) Nonlinear switching function

The first step in the design of a sliding-mode controller for a given system is to design
a stable switching function. The following nonlinear switching function proposed in Chapter
2, is used to design discontinuous SMC for the buck converter system of Figure 3.1

8§ 1= X1X2 — XrefXoref + M(X2 — X2ref) (3.5)

where x1,.5 and xy,.r are the reference values of state variables x; and x; respectively. And p>0
is the parameter of the switching function to control the convergence speed. The switching
function is chosen to satisfy the objectives of constant power supply to the CPL and the
output voltage regulation. It will be proved in subsequent sections that, when sliding mode
is established (s = 0), the controller would ensure supply of constant power to the CPL and
regulation of the dc bus voltage to a desired value.

In the second step, a control law is designed which forces the system trajectory on to the
switching surface s =0 and constrains it to the switching surface then on. The discontinuous
control law is defined by

1 0 ifs>0
- _(1— = 3.6
2( Sg”(s)) {1 ifs<0 ( )
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However, direct use of the above control law causes the converter to undergo switching at
very high frequencies, which may not be desirable in practical situations. For the practical
implementation purpose, the above control law can be modified to limit the highest switching
frequency of the converter. In what follows next, proof of the existence of sliding mode is
presented.

(b) Existence of sliding mode

It is essential that trajectory starting from an arbitrary initial condition reaches switch-
ing surface (s =0) in finite time, and is constrained to the surface then on. The designed control
law must ensure reachability condition. The reachability condition is proved in the following
theorem.

Theorem 3.1. The control law
1
u:zi(l—sgn(s)) (3.7)

with the switching function s := x1x) — X1,efX2ref + 1 (X2 — X20f) ensures that reachability con-
dition

sTs < —n |s| (3.8)
for some N > 0, is satisfied when total load power Pr satisfies

2
x5C

EEEnTAS .

Pr <xixp+

XZ
where total load power Py is given by Pr = P+ %Zf-

Proof: To prove the theorem, two distinct cases are considered; Case I, when s < 0, and Case
II, when s > 0. From the reachability condition, when s < 0, it is to be ensured that s > 0 and
vice versa.

Casel: s <0

s < 0 implies s := X1X2 — X1yefXoref + (X2 — X2rer) < 0, and the control law (3.6) becomes 1. It is
to be ensured that s > 0 with the control law (3.6) and model given in (3.3). That is

X1X2 + x0xX1 + Uxp >0 (3.10)

Substitution of x; and x, from (3.3) and subsequent algebraic manipulation gives

X1 X2 P E X2 X1 X2 P

e TR e TR D e TR T

Which leads to

)>0 (3.11)

X1 X P nE X3
I R B ) 3.12
G —r, et L (3.12)
It implies
2
x5C
Pr< 2 (E— 3.13
T x1x2+(X1+M)L( x2) ( )
Casell: s >0

s > 0 implies x1X2 — X1y fX2ref + U (X2 — X2re£) > 0, and the control law (3.6) becomes 0. It is to
be ensured that § < 0 with the control law (3.6) and model given in (3.3). That is

X1 +x0X1 + Ux, < 0 (3.14)
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Substitution of x; and x; in the above equation and subsequent algebraic manipulation gives

X1 X P X2 X1 x2 P
- —= —-———= ——)<0 1
X1(C CRy Cx2)+x2( L)—HJ(C CR, Cx2)< (3.15)
Which leads to
X X P X3
4 (-2 - )—2 <0 (3.16)

Therefore, to ensure s < 0 the following condition should be satisfied.

3
xC

Ry (3.17)

Pr>x1x,—
For the high voltage dec/dc converters upto few kilowatt rating x,>>x;. Furthermore, the right
hand side of (3.17) is a small positive or negative number. Therefore, it is straight forward to
satisfy (3.17). It is intuitive that the right hand side of (3.17) would be negative when u=x, and
becomes more negative for decreasing values of u<x, and moves towards zero for increasing
value of u>x;. It implies that the equation (3.17) will always be satisfied by appropriate
selection of u. The region of existence of the sliding mode is constituted from the locus points
in the state-space which satisfy (3.13) and (3.17). The region of existence of sliding mode for

a particular simulated case is shown in Figure 3.4, in the section on simulation studies. This
completes the proof.

(c) Stability during sliding mode

In this section, it is proved that x; converges to xi.r and x, converges to x2,.r, when
s =0 is ensured. The stability of the system at switching surface s = 0 is proved by the following
theorem, using Lyapunov approach.

Theorem 3.2. During sliding mode s = 0, the system dynamics is asymptotically stable i.e. x|
approaches to xi,.r and x, approaches to xp.f.

Proof: Let the following be defined as,

e := (X1 —Xtref) (3.18a)
ey = (Xz —Xgref) (3.18b)
€p = X1X2 — XlrefX2ref (3.18¢)

It is easy to verify that €; = x| and €, = X>. eq, e; and e, represent the error in the inductor
current, error in the output voltage and error in the power.
Using (3.3b), (3.5), and (3.18)

€y = XlrefX2ref +€p _ (62 +x2ref) _ P (319)
C(ey +.x2rgf) CR; C(ez —i—xz,ef)
s=e,+ e (3.20)
Sliding mode s=0, implies
e, =—He; (3.21)

Thus, when e, — 0 as t — oo, it ensures e, — 0 as t — o, and both these together imply that
e »0ast— o
Using (3.19) and (3.21)

xzrﬁ’
; (XtrefXaref — P — ;—Lf) (URLes + €5+ 2x2p0p€2) (3.22)
2= - '
Clez+xaref) CRL(e2 + X2ref)
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2
however, XiyefX2ref = Pr, which implies (X|efx20f — P — X;—’Zf) = 0. With this (3.22) reduces to,

(URL + €2+ 2x2ef)
CRL(€2 —i—xz,ef)

€= — (3.23)

Equations (3.18b) and (3.21) imply that the stability of e; dynamics ensures stability of e,
and e;. Therefore, it is to be proved that dynamics of e; is stable. To prove stability of e;, the
following Lyapunov function is defined

V(er) = %e% (3.24)

The derivative of (3.24) is given by
V(e2) = ezés (3.25)

Using (3.23), (3.25) implies

. URp +ex+ 2x2ref
Viey) = —é3 3.26
Using (3.18b),
R 2x27e R re
MRp+ex+2x0rcr  URL+ X2+ X2pef -0 (3.27)

CRr(e2 +.x2ref) N CRix»

where U, x2, X2rer, R € R4\ {0}. Therefore, using (3.27), the right hand side of (3.26) becomes

R 2
s _gHLr et R (3.28)
CRL(e2+X2ref)
It implies
V(e2) <0 (3.29)

Therefore, the system dynamics at switching function s = 0 is stable as V(ey) < 0, i.e. x;
approaches to xi.s and x, approaches to xs,r. This completes the proof.

The implementation scheme of the proposed discontinuous SMC for dc/dc buck con-
verter system is shown in Figure 3.2.

3.2.2 PWM Based SMC

In case of discontinuous SMC, the switching frequency is variable and may become very
high causing excessive losses. Moreover, in practical situations power converters can operate
only at a finite switching frequency. Particularly, controllers designed through conventional
SMC may not be suitable where a constant switching frequency is required. Furthermore, with
variable switching frequency the design of circuit and filter components of the converter be-
comes problematic. One of the frequently used techniques in SMC to ensure fixed frequency
operation is to use equivalent control approach. Details of the other methods used for chat-
tering and frequency reduction can be found in [Cardoso et al., 1992; Tseng and Chen, 2010;
Lee and Utkin, 2007], and the references therein.

In this section, a PWM based sliding mode controller, designed through reaching dy-
namics approach, is proposed for the buck converter system of (3.1). The following reaching
dynamics is chosen to derive the instantaneous duty cycle u(z) of the buck converter

§=—A4 s—QOsgn(s) (3.30)
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Figure 3.2 : Implementation scheme of the proposed discontinuous SMC for buck converter feed-
ing a mixed load

where A, 0> 0 are the parameters of the reaching dynamics to control the convergence speed
of the switching function. Using (3.3), (3.5) and (3.30) and solving for u(z) gives the following
instantaneous duty cycle expression

x3  (x1+u)L

1) == ————(x —i -

A Ls QLsgn(s)
XZE XZE

(3.31)

In the above equation, the last term represents discontinuous control designated as uy. The
first three terms combined together represent equivalent control u.,. It decomposes the control
law (3.31) as,

u(t) = tteq +un (3.32)

where u,, is the equivalent control law and represents a continuous approximation of the
switching control law of discontinuous SMC at s =0, and uy is the discontinuous part which
ensures robustness to the parameter uncertainties and external disturbances in reaching phase.
The value of constant Q in (3.31) should be chosen such that uy, is some small percentage of
Ueq to ensure u(r) € (0, 1). The control law of (3.31), is then compared with a triangular carrier
signal of desired frequency to generate PMW pulses for the converter’s switch, resulting in
a fixed frequency switching. The implementation scheme of the proposed PWM based SMC is
shown in Figure 3.3 and simulation studies for the same are presented in the Section 3.2.3.

(a) Existence of sliding mode
The detailed proof of the existence of sliding mode for the reaching dynamics of (3.30)
has been given in Chapter 2.

3.2.3 Simulation Studies

In this section, simulation studies are presented to validate the effectiveness of the
proposed controllers, to mitigate CPL induced negative impedance instabilities in the dc buck
converter system of Figure 3.1. The system with the proposed discontinuous and PWM based
SMCs was simulated in MATLAB/SIMULINK™ with a discrete step size of 10 ws. The values
of the converter parameters and nominal values of load used in the simulation studies were:
L=2mH, C=1000 uF, E =380V, x2r =220 V, P =350 W, and R; = 322.67 Q. Inductor
current reference ir,.; was estimated using izrer = Vrefiioad /ve. First, simulation studies with
discontinuous SMC are presented, followed by simulation studies with PWM based SMC.
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Figure 3.3 : Implementation scheme of the proposed PWM based SMC for buck converter feeding
a mixed load

(a) Simulation studies with discontinuous SMC

The simulation studies of the buck converter system controlled through the proposed
discontinuous SMC was carried out with = 200. The control law (3.6) has been modified,
keeping in view its practical implementation to avoid very high frequency switching and high
switching losses. In order to limit the switching frequency, hysteresis band & =5 has been used
in the modified control law as

| 0 ifs>h
u:= 5(1 —sgn(s))=<1 ifs<—h (3.33)
u, if —h<s<h

where u,, is the previous value of the control input. The region of existence corresponding to

250
200 Region where existence
is guaranteed
o 150

100

Figure 3.4 : Region of existence for simulated case (shaded in green) of buck converter system

the above simulation case with reference to (3.13) and (3.17), is shown in Figure 3.4. Simulation
results corresponding to start-up and transient response are given in Figures 3.5-3.8.

Figure 3.5, shows the start-up response of the system in terms of the output voltage,
the inductor current, switching function and control input. It can be seen from Figure 3.5(a),
that the output voltage reaches its reference value in less than 5 ms with negligible steady
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Figure 3.5 : Simulated start-up response with the discontinuous SMC: (a) Output voltage; (b) In-
ductor current; (¢) Switching surface; and (d) Controlinput. (E =380V,P =350W, R =
322.67 Q, Xarer =220V and u = 200)

state error. The inductor current (Figure 3.5(b)) tracks its reference value perfectly, but has
high start up value. This is quite natural keeping in view the I-V characteristics of the CPL
(voltage is small at the start-up which results in the high value of the inductor current). It is
apparent from Figure 3.5(c), switching function remains within a band. The control input is
shown in Figure 3.5(d).
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Figure 3.6 : Simulated transient response with the discontinuous SMC: (a) Output voltage; () In-
ductor current. (When input voltage is increased by 30% at t = 0.1 s and is restored at
t=0.25)

The transient response of the output voltage and the inductor current to a 30% increase
in the input voltage is shown in Figure 3.6. It can be seen that the output voltage increases
by less than 0.05 V (0.023%) and the inductor current is also negligibly affected by this
step change. The transient response of the output voltage and the inductor current to a step
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decrease of 30% in the input voltage is given in Figure 3.7. This reduction in the input causes
the output voltage to drop only by less than 0.05 V. In response to the decrease in the input
voltage, the inductor current ripple decreases as shown in Figure 3.7(b).
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Figure 3.7 : Simulated transient response with the discontinuous SMC: (a) Output voltage; () In-
ductor current. (When input voltage is decreased by 30% at r = 0.1 s and is restored at
t=0.25)

In response to the increase in the CPL power from 350 W to 500 W, keeping the
resistive load fixed, the output voltage is maintained at its steady state value of &~ 220 V and
the inductor current instantly follows its changed references (Figure 3.8).
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Figure 3.8 : Simulated transient response with the discontinuous SMC: (a) Output voltage; (b) In-
ductor current. (When CPL power is increased from 350 W to 500 W att = 0.3 s and is
restored at r = 0.4 s, keeping resistance R, constant)

(b) Simulation studies with PWM based SMC

In this section, validation of the performance of the proposed PWM based SMC is
presented through simulation studies, when it is controlling the buck converter feeding a
mixed load. All the operating conditions and system parameters were kept same as in the
case of the discontinuous SMC. The parameters of the PWM based SMC used in the simulation
studies are provided in Table 4.1. The simulation results under various operating conditions
are given in the Figures 3.9-3.12.

Figure 3.9, shows response of the output voltage, the inductor current, switching func-
tion and control input during start-up and steady-state operation. Although in this case the
output voltage and the inductor current, shown in Figures 3.9(a) and 3.9(b), take 10 ms to
reach their steady state as compared to 5 ms with the discontinuous SMC case (Figures 3.5(a)
and 3.5(b)), but are able to track their references with negligible error. The average value of
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Table 3.1: Parameters of the proposed PWM based SMC for buck converter

Parameter Value
u 200
A 1X10°
0 3x108

Switching frequency (f;) 20 kHz

the switching function (Figure 3.9(c)) is close to zero. Figure 3.9(d), shows generated PWM
pulses for the converter switch.

230 8
: - | === Output voltage reference Inductor current reference
2o5F ... .| ===Output voltage ok : N ‘Ir!duqtovrcu‘rrgn-t‘
o 220
1) : : : :
S
6 215. . . - . . P . . e e
> : : . .
210 B FE F .
205 . . . . 0 . . . .
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Time (s) Time (s)
(a) (b)
15
=z
c
o
A A HAeanNmAc(
o
=
= 0.5
o
=
[
-15 i i i i 0 " "
0 0.02 0.04 0.06 0.08 0.1 05 05 05 05 05 05 05 05
Time (s) Time (s)
(c) (d)

Figure 3.9 : Simulated start-up response with the PWM based SMC: (a) Output voltage; (b) Induc-
tor current; (c¢) Switching surface; and (d) Control input. (E =380 V,P =350 W, R, =
322.67 Q, x20f =220V)

The transient responses corresponding to the 30% step increase and decrease in the
input voltage are shown in Figure 3.10 and Figure 3.11 respectively. It can be seen that,
in response to the £30% change in the input voltage, the output voltage changes by only
40.05 V. The inductor current is also maintained at its reference value except for the negligible
transients at the instances of step changes.

Figure 3.12, shows transient response corresponding to the step increase in the CPL
power from 350 W to 500 W at r = 0.3 s and back to its previous value at t = 0.4 s, keeping CVL
resistance Ry to a fixed value. It is evident from the plot that the output voltage is maintained
to its reference value, and a very small magnitude transients are seen at the instances of step
changes. The inductor current follows its changed references instantly.

The above simulation studies validate the performance of the discontinuous and PWM
based SMCs under various operating conditions. Both the controllers ensure desired stable
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Figure 3.10 : Simulated transient response with the PWM based SMC: (a) Output voltage; (») In-
ductor current. (When input voltage is increased by 30% atr = 0.1 s and is restored

atr=0.25s)
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Figure 3.11: Simulated transient response with the PWM based SMC: (a) Output voltage; (b) In-
ductor current. (When input voltage is decreased by 30% at ¢ = 0.1 s and is restored

atr=0.25s)
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Figure 3.12 : Simulated transient response with the PWM based SMC: (a) Output voltage; (b) In-
ductor current. (When CPL power is increased from 350 W to 500 W at = 0.3 s and is
restored at r = 0.4 s, keeping resistance Ry, constant)
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output voltage and fast transient performance (settling time of < 1 ms).

3.2.4 Experimental Validation

In this section, experimental validation of the proposed discontinuous and PWM based
SMCs is presented using a laboratory prototype of dc/dc buck converter feeding a mixed
load. An image of the experimental setup is shown in Figure 3.13, consisting of a dc/dc buck
converter, programmable dc load, Field Programmable Gate Arrays (FPGA) card, Gate driver
card, input dc supply, and the dc supply for sensors. In order to realize the controllers the
input voltage, output voltage, inductor current, and load current of the converter have been
sensed using voltage sensors (LEM LV25—1000) and current sensors (ACS709). The controllers
have been realized using National Instruments (NI) General Purpose Inverter Control (GPIC)
card, (NI sb-RIO 9606), programmable through Labview software. The different waveforms
of the variables of importance have been captured using DPO for monitoring and subsequent
analysis. The specifications of the experimental prototype and the nominal values of the system
variables are described in Table 4.2.

Figure 3.13 : An image of the experimental setup of buck converter feeding a mixed load

Table 3.2 : Specifications of the experimental setup of buck converter system

Parameter Value

Nominal output voltage, V, 48V
Nominal input voltage, E 100 V

L & ESR 2 mH & 0.224 Q

C & ESR 1000 uF & 0.185 Q

CPL power, P 200 W

Resistive load, Ry 208 Q

IGBT (FGL40N120) 1200 V, 40 A

Diode (MUR 1560) 300V, 15A

Switching frequency, f; 25 kHz (for PWM version)

The experimental results have been captured under three operating conditions: (1)
steady-state operation with nominal values, (2) transient response corresponding to a 25%
reduction in the input voltage, and (3) transient response corresponding to a reduction in
the CPL power from nominal value to zero, keeping CVL component of load unchanged. The
changes in the input voltage were introduced by manual rotation of the knob of dc power
supply. On the other hand, changes in CPL were introduced in the form of steps, to the used

70



programmable dc load.

(a) Experimental validation of the discontinuous SMC

As discussed, the switching frequency of the buck converter when controlled through
discontinuous SMC can be very high, resulting in increased switching losses. Therefore, to
limit highest switching frequency and to reduce the switching losses, a hysteresis band was
used in the practical implementation. Furthermore, the gate driver card also limits the upper
switching frequency. It can pass upto 50 kHz, but the switching is still of variable frequency.
A value of 40 was used for the controller parameter u.

The experimental results under the above mentioned operating conditions are given
in Figure 3.14. Figure 3.14(a), shows the output voltage of 48.6 V(slightly higher than the
reference of 48 V), corresponding to the Operating Condition: 1. The input voltage, the in-
ductor current, and PWM switching pulses are also shown in this figure. The output voltage
reduces only by < 2% in response to 25% reduction in the input voltage, corresponding to
the Operating Condition: 2 and recovers to its previous value when input voltage is restored
(Figure 3.14(b)). Figure 3.14(b), also shows that the inductor current ripple reduces with the
reduction in the input voltage, which confirms the simulation result obtained in Figure 3.7(b).
When the CPL power is changed corresponding to the Operating Condition: 3, the output
voltage reduces only by < 1% and returns to its previous value when CPL power is again
increased to 200 W (Figure 3.14(c)). Under all three operating conditions, the proposed dis-
continuous SMC ensures regulation of the output voltage (within £3.125%) and stabilization
against CPL induced negative impedance instabilities.

(b) Experimental validation of the PWM based SMC

The PWM based SMC has also been validated through experimental results obtained
under the same above mentioned operating conditions. The values of the controller parameters
were: 1 =40, A = 1500 and Q = 20000. The obtained results are shown in Figure 3.15.

It can be seen from Figure 3.15(a), that the output voltage perfectly tracks its refer-
ence value 48 V, corresponding to the Operating Condition: 1. The input voltage, the inductor
current, and PWM switching pulses are also shown in this figure. The output voltage reduces
and shows a transient disturbance, for the duration, when input voltage was under change
corresponding to the Operating Condition: 2, and recovers to its previous value, when the
input voltage becomes stable (Figure 3.15(b)). One of the main cause behind the transient
disturbance is the method to introduce variations in the input voltage. Furthermore, corre-
sponding transient disturbance is also visible in the inductor current waveform. The transient
response corresponding to the Operating Condition: 3, shown in Figure 3.15(c), shows that
in response to the removal of CPL, the output voltage increases by less than 2% , and returns
to its previous value when CPL power is again increased to 200 W. It demonstrates that the
PWM based SMC also performs well under the above mentioned operating conditions, except
for its sensitivity to the slow variations in the input voltage. The above simulation studies
and experimental results validate the performance of the proposed sliding mode controllers to
mitigate destabilizing effects of the CPLs and to ensure tight regulation of the output voltage
of the buck converter feeding mixed load. When compared to the discontinuous SMC, the
PWM based SMC results in longer settling time and is sensitive to slow variations in the
input voltage.

3.3 SUMMARY

In this chapter mitigation of CPL induced negative impedance instabilities in a dc/dc
buck converter feeding a combination of CPL and CVL, which is generic case, has been pre-
sented through SMC approach. A nonlinear switching function based discontinuous and PWM
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Figure 3.14 : Experimental results with the discontinuous SMC: (a) Steady-state operation corre-
sponding to the Operating Condition: 1; (b) Transient response corresponding to the
Operating Condition: 2; (¢) Transient response corresponding to the Operating Con-
dition: 3
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Figure 3.15 : Experimental results with the PWM based SMC: (a) Steady-state operation corre-
sponding to the Operating Condition: 1; (») Transient response corresponding to the
Operating Condition: 2; (¢) Transient response corresponding to the Operating Con-
dition: 3
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versions of SMC have been proposed. The existence of sliding mode, stability of switching
surface have been established, and the condition on the total power to ensure the stability has
also been derived. The steady-state and transient performance of the controllers have been
validated through simulation studies, which has been further validated through experimen-
tal results using a laboratory prototype of dc/dc buck converter feeding a mixed load. The
controllers are realized through NI FPGA card programmed using NI LabView software. Both
controllers are robust with respect to the sufficiently large variations in the input voltage and
load. However, it was found from experimental results that PWM based SMC is sensitive to
the slow variations in the supply. Furthermore, the controllers ensure tight regulation of the
output voltage and system stability under different operating conditions. In the next chap-
ter, mitigation of the destabilizing effects of CPLs in non-isolated topology dc/dc buck-boost
converters using SMC approach will be addressed.
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