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ABSTRACT

DC-DC converters control has gained much attention because of their broad uses in various fields, ranging from hand-held calculators to sophisticated
airborne vehicles. Robustness in control systems, in spite of parametric variations, is an absolute requirement in many such applications. We propose a
new controller to realize a robust performance despite the uncertainties on system parameter values. The controller employs an adaptive non-singular
finite-time synergetic control method to tackle disturbances, which enhances the robustness and enables better performance during the transient
phase compared to the terminal sliding mode control. A finite-time convergence is therefore achieved, while Lyapunov synthesis guarantees stability.
Extensive simulation results of the DC-DC converter under harsh operating conditions confirm the effectiveness of the proposed controller.
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Introduction

There is an ever-increasing demand for sound robust controller converters due to their wide
variety of applications. Despite the undesirable chattering phenomenon, one of the most widely
used techniques designed for a robust controller is the sliding mode control, used in a collection
of applications varying from dishwashers to military equipment. Numerous efforts have been
made to reduce or eliminate this major drawback of chattering. Listed among some of the most
critical methods are Slotine’s bounding layer and Levant’s higher-order sliding modes [1, 2].

Sliding mode, as a proven robust control approach, led to a significant effort to deal with its
main drawback, chattering, due to its discontinuous law constituent, many techniques have
been proposed in an attempt to eliminate the chattering phenomenon but these have most-
ly been harmful to the robustness of the system [1, 3, 4]. Synergetic control, similar to SMC,
is based on the concept of forcing a system to the selected manifold by chosen dynamics.
Furthermore, synergetic theory achieves identical performance as SMC without carrying the
deficiency of chattering to accomplish a non-chattering desired performance, and synergetic
control elaborates a manifold after choosing a pertinent macro variable.

It was shown that we can choose the macro-variable function in Synergetic Control as a func-
tion of system state variables precisely as sliding surface in Sliding Mode Control [5]. Even
though there are similarities between those techniques in terms of decoupling and system
order reduction, its chatter-free characteristics enable chatter-free operation, which increases
its practical value. Nevertheless, convergence attained via this approach is only asymptotic.
We propose to build on recent work on finite time convergence and apply a similar scheme to
elaborate a terminal synergetic controller for a DC-DC buck converter [6].

The latter not only has the advantage of fast convergence but also offers a small steady state

error [7, 8]. However, some terms in conventional finite time sliding mode or synergetic control
have the drawback of singularity [9]. Nonsingular terminal synergetic control can prevent singu-
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larity, but the disturbances variety must be limited, to define the
switching gain value [10-11].

Another important approach in dealing with uncertain non-
linear systems is adaptive control, which has proven very use-
ful in tackling control problems [12, 13]. This study proposes
an adaptive estimation scheme, which is integrated with the
controller that realizes fast convergence even in the presence
of boundary disturbances. The proposed controller also over-
comes the singularity problems which are a feature of synchro-
nous terminal synergetic control design.

This paper is organized as follows: in Sections Il and IIl, we dis-
cuss general synergetic controller procedure and give a quick
overview of DC-DC buck converter modeling respectively.
Then, in Sections IV and V, we cover the topic of terminal syner-
getic control design, which is followed by a detailed discussion
of adaptive terminal synergetic control, and a development of
adaptive laws. Next, in Section VI we present simulation results,
and finally in Section VII we discuss our results/findings and
make our concluding remarks.

Synergetic Control

Though introduced relatively recently, synergetic control, has a
lot of advantages compared to Sliding mode control, and it has
achieved full acceptance both from the control community as
well as from industry, as demonstrated by its extensive use in
power electronics and industrial battery charging [14-18].

We briefly recall that synergetic control synthesis consists of
the following steps:

+  We define a macro variable as:

Y(t) = y(tx) M

which forces the system to operate on a pre-selected man-
ifold, 1 = 0. The designer selects the characteristics of this
macro-variable according to the control specifications.

«  The dynamic evolutions of the macro-variables are fixed
to ensure a designer chosen constraint, such as

Ty +y=0 ()

where T'> 0 is, the design parameter, which defines the speed
of convergence to y=0.

«  The control law is synthesized according to Equation2
and also the system’s dynamic model.

Briefly, each manifold, which reduces the system order, submits
a new constraint. Suitable choice of the macro-variables and
their characteristics enables the designer to achieve the target-
ed performances for the system design including stability and
parameter sensitivity.
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Figure 1. DC Buck converter schematics

Consequently, the synergetic control theory ensures global
stability, i.e., once the system reaches the manifold, it stays on
it even for large signal fluctuations [14].

DC-DC Buck Converter Modelling

A primary DC buck converter circuit is shown in Figure 1, con-
sisting of a resistor R, a capacitor C, a self-inductance L, a fast
diode, and an IGBT or MOSFET transistor which implements the
switching action in the circuit.

When the converter operates in continuous conduction mode
(CCM), the system is shown as follows [19, 15]:

. E

Wolo =2 e 3)
_ L

N e E M

Uc c rc] l¥c o

When the switching state u is equal to one, the switch turns on,
and when u =0, T'is off.

Equation 4 (below) represents the output voltage u. and its de-
rivative as the system state variables:

xl = uC
(4)

Uc

Xy ==

27 at

If the ripples are small with the switching frequency being rel-

atively high and the duty ratio of the switching cycle being d,

then the state space average model can be presented as: [19]:
J'Cl = xz

(5)

Taking into account the disturbances generated by paramet-
ric variation, the dynamic model of the buck converter can be
adjusted as:

5(1=x2
(6)
m_x  E

LC Rc+Ed+F
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where F represents all the disturbances which the system can
endure.

Non-Singular Terminal Synergetic Control

Initially, we considered the DC Buck converter modeled in
Equation5 to design a non-singular terminal SYC. At that point,
we did not consider the disturbance effect. If we suppose the
reference tracking voltage to be, then the tracking error and its
derivative are as follows:

€ = X1 = Yref )

X2 — yref (8)

The non-linear macro-variable function of this Non-singular
Terminal Synergetic Control is chosen as:

4
q

w(e)="e

L1 1 . B
Setge1= g(?ﬁ — Vrer) + 7 (X2 = Vrep)? 9

where § > 0, p and g are positive odd constants, and Equa-
tion10 must be satisfied.

1<:—)<2 (10)

When the system reaches the macro-variable, y= 0, its dynam-
ics can be by:

p 3 4
lP=0=>é=—(B;)p er (1

Note that Equation 11 reduces to ¢ =-B e, for p/g =1, which is
the form of conventional synergetic control as in [14].

It was shown in [20], that e = 0 is a terminal attractor for Equa-

tion (11), which we can rewrite as;
de
dt = — 7 (12)
(B )p epb

Taking integral of both sides of Equation12 on the time interval
(e(0) = 0, e(z) = 0) gives the following equation [6]:

t;rSYC = le(0)] (1 (13)

(s p—)%(p -q)
q

Equation (13) indicates that, when the system reaches the ter-
minal synergetic mode at t = t, the system state error converg-
es to zero in finite-time tTSY¢.

X2

In Equation 5, f = _E_ﬁ' and g =

control law is easily derived:

d are known, and the

= 5[0 + Jrep + &1 (14)

Using the synergetic approach,

. P _
Tw+lPeG Dy g (15)
Bq
where
0<§—1<1 (16)

By substituting (7), (8) in (15), and because 3 >0, pand g are pos-
itive odd constants, when X, — Yrer # O there exists [19,21]:

P_
(xz - yref)(q Y >0 (17)
Thus,
p_
19,4061 5 g (18)
Bq

It is therefore easy to derive the terminal synergetic control law
given by:

d=--f@ -2 ¥~ Bl 45,0 (9

To prove stability, we chose the following Lyapunov function
candidate:

V= (e)? (20)
After differentiation, this leads to:

P_
V=9 = —-lgé(q ) 1)

Because Equation 18 is satisfied and T > 0, stability is therefore
guaranteed for we now have:

V<0 (22)

Generally, the nonlinear system functions f and g are difficult
to determine precisely, thus parameter variations and uncer-
tainties can be lumped as F as in Equation 6.

Adaptive Nonsingular Terminal Synergetic Design

Here we desire to strengthen system control robustness against
the lumped disturbance F, which is estimated in an adaptive
scheme.

Let the estimated error be defined as:

F=F-F (23)
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Where the estimation of F is F and let a Lyapunov candidate
function be defined as:

V=_w2ylp2 (24)
2 2y

Taking the derivative of Lyapunov function candidate V, gives
the following equation:

V= l]’(e)[(—e+—— ) (F(x) + g)d + F —
(25)
)]

The influence of the estimation error is eliminated by choosing
the following adaptive law.

.o 1 a,4& 1
Yref))_;F(F_ylpgg

. p_
F= ylPlEé(q ) (26)
The control input is therefore given as

d————ll’(e) flx) - Be(

Tgw| T ‘1)+jiref—ﬁ—

(27)
—W‘P? — h¥
Where w>0, h>0, m, n are positive odd constants and m<n.

In Equation (19, 27), it is evident that as long as 1<p/q<2, the
main drawback of ANTSYC has been avoided [19].

Substituting (27) and (26) into (25) leads to;

m+n)

p_
V= lEé(q 1)[ _%lpz — Wlp(T — h¥?) (28)

Because m<n and m, n are positive odd constants, Equation
(16) is satisfied, so when y = 0, the following condition is sat-
isfied [19].

l]/(mTJrn) >0 (29)

Therefore, with the condition of ¢ # 0, the following inequality
is satisfied;

V= %%e("l)[ gz w5 —mer <o oo

So Lyapunov stability can be satisfied.

Substituting control input (27) into model (6) leads to:

.. 1 ,(2-8) m o
XZ_Yref=_?lp—Be 4 —w¥Wn —h¥ +F—F (31)

/-
Y<0 \.

[YvYy)

Y=0
Figure 2. System phase portrait
By transforming it, it can be rewritten as:
. A 1 m
xz—yref=F—F—; Y(e)—wy¥n —hy (32)

Suppose that X; — Yoy = 0 is satisfied, it can be seen from
Figure 2 that if ¢ > 0, the control system can reach synergetic
macro-variable only when X; — V,or < 0 comes into exis-
tence. This requires the condition of
F-F< % Yl ++ W‘I’7m+ hY is satisfied when @ > (. Similarly,
F—F>21 w(e)++w¥n + hyis satisfied when @ < (. By ad-
justing parameters of the control system, the above-men-
tioned conditions can be satisfied.

Figure 3 shows the simulated responses of inductor current (iL),
output voltage Vo, error, and derivative error, obtained by the
NTSYC method for R=10Q using B=400, and p/q=1.66. It can
be seen from Figure3 that singularity is avoided by the NTSC
method, which overcomes the oscillations on the output re-
sponses. The main reason for this avoidance comes from the
fact that there is no singular term in the control law expression
Equaiton 27.

Simulation Results

In order to evaluate, the behavior of the control obtained (ANT-
SY) was examined with a DC-DC buck converter by simulation.

the parameters of the controller are; T=1e-6,B=400,
p/q=1.66 , m/n=0.025w=2e3,h=1e3,y=50.
Simulations are carried out using the Simulink of Matlab/Sim-

ulink (2014a) shown in the picture Figure 4 with a step size of
0.2 us.
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Figure 3. a-d. Response of, output voltage (uc) (A); inductor current (iL) (B); the output voltage error (err) (C); the rate of change of the output

voltage error (derr) (D), obtained by ATSYC method

Table 1. Parameters of the DC buck converter.

Description Nominal value
Inductance (L) 13 mH
Capacitance (C) 2000 uF

Load resistance (R) 10-5Q
Reference output voltage(yref) 5-7V

Input voltage (E) 10-9V

The parameters of the buck converter are given in Table 1.

Figure 5 presents the simulated results when the variation
takes place in input voltage E, at t=0.2s from 10V to 9V in The
proposed controller gives excellent performances during the
step changes in Rfrom 10 Q to 5 Qin Figure 5(a), and y . from 5
V to 7 V Figure 5(b). In addition, Figure 5 (c, d), obtained by the
NTSYC and NTSMC, these two methods result in a small steady-
state error. However, the NTSC method leads to less steady-

state error than the NTSC method.

The trajectory in Figure 6 (a), was obtained with B = 400
and different values of (p/q). It is clear that when (p/q) is
high, the inclination of the macro-variable line is small, and

consequently there is a slower dynamic response. Further-
more, we get faster responses whenever the value of (p/q)
is small.

In Figure 6 (b) the trajectory is obtained with (p/g=1.66) and
different values of B. Clearly, there is an Inverse relationship be-
tween (B) and the slope of  line, but an overshoot probably
occurs when the value of B is too high, and even with the high
value of B, still no shattering problem on the output voltage
although, fast convergence.

Figure 7 shows the simulated responses of the output voltage
and the inductor current iL to step load resistance changes in
R from 10Q to 5 Q, from 5Q to 10 Q, and from 10Q to 5 Q, re-
spectively. At t =0.1s, the first step load change occurs, and as a
result, the inductor current iL changes from 1A to 0.5A and an
acceptable overshoot appears in the output voltage respons-
es. The second load variation occurs at t=0.2s which causes a
change iniL from 0.5A to 1A and a drop in the output voltage.
And the same behavior mentioned in the first load change ap-
pears in the third load change. These results clearly show the
robust performance of the NTSMC method.

Conclusion

First, the Terminal Synergetic approach shows that we can
achieve proper performance with regard to response time and
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Figure 5. a-d. Output voltage responses due to the step changes in R, yref and E, obtained via NTSYC methods: Step change in R from 10 Q to 5
Q) (a); Step change in yref from 5V to 7V(b) and Step change in E from 10V to 9V with ANTSYC (c); Step change in E from 10V to 9V with ANTSMC (d)

overshoot, but during this study we discovered the main disad-
vantage of the synergetic theory, namely, it uses a model of the
system for control synthesis, which was solved by an adaptive
estimation method.

As a result, we have proposed a novel “no singular terminal
adaptive synergetic” DC-DC buck converter controller and eval-

uated its performance thoroughly using simulation for differ-
ent perturbed operating conditions.

Our results indicate that with this design one can attain proper
tracking, and insensitivity to perturbations. Concerning robust-
ness, the results obtained in the existence of load and input
voltage changes also show excellent performance.
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Figure 6. a, b. State trajectories with different values of (p/q)
when B is constant (a); State trajectories with different values of B
when (p/q) is constant (b)
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Figure 7. Simulated responses of the output voltage and the in-
ductor current il to load variations in R from 10Q to 5 Q, from 5 Q
to 10 Q, and from 10 Q to 5 Q.

We consider that our suggested robust approach could be imple-

16.

mented easily, as it does not rely on a discontinuous control com-

ponent in contrast to SMC. Therefore, we aim to experimentally

validate the controller developed in this work in a future study.
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