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Abstract: A current-sensorless PWM-based robust sliding mode controller is proposed for the DC-
DC Boost Converter, a nonminimum phase system that presents major challenges in the design of
stabilizing controllers. The development of the controller requires the measurement of the output
voltage and the estimation of its derivative. An extended state observer is developed to estimate a
lumped uncertainty that comprises the uncertain load and input voltage, the converter parasitics, and
the component uncertainties, and also to estimate the derivative of the output voltage. A linear sliding
surface is used to derive the controller that is simple in its design and yet exhibits excellent features
in terms of robustness to external disturbances, parameter uncertainties, and parasitics, despite the
absence of the inductor current feedback. Also, a simple procedure to select the controller gains is
outlined. The robustness of the controller is validated by computer simulations.
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1. Introduction

Sliding mode control (SMC) is a powerful nonlinear control strategy for DC-DC converters due to
their variable structured nature. It offers several advantages, such as fast dynamic response, robustness
to large parameter uncertainties and external disturbances, order reduction and ease of implementation.
Despite these advantages, some traditional SMC, suffer from excessive chattering and require several
sensors for their implementation. DC-DC converters are subject to external disturbances, parameter
uncertainties and parasitics that must be taken into account in the design of robust controllers to tightly
track the output reference voltage with minimum chattering and a reduction of the number of sensors.
This is usually accomplished with the use of SMC in conjunction with a disturbance estimator. In most
studies, the knowledge of the inductor current is required for the implementation of the controllers.
The measurement of the inductor current can present challenges in the presence of noise and external
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disturbances. Recently, there has been an interest in the use of current-sensorless controllers to reduce
the cost and to improve the reliability and miniaturization of the device.

In the context of the DC-DC buck converter, some current-sensorless controllers were considered
in [1-5]. For DC-DC boost converters, the design of stabilizing controllers based only on the output
voltage measurement is a challenging task since the boost converter is bilinear in nature and a
nonminimum phase system. The study in [6] proposes a unified nonlinear observer to estimate the
inductor current of six different types of DC-DC converters. However, the observer developed relies
on the knowledge of the values of the parasitics of the converter and also on the the input voltage
measurement. Its effectiveness is validated both in simulation and experimental tests on converters
subject to unknown load variations, and reference step changes only. In [7], a sliding mode controller
is proposed that uses a state and disturbance observer (SDO) to estimate the inductor current in the
presence of an unknown load. The input voltage is assumed to be known. The only parasitic considered
is the inductor resistance that must be known for the implementation of the SDO and the controller.
In [8], a nonlinear fast terminal sliding mode control is proposed for a two-phase interleaved boost
converter. As in [7], the inductor resistance is assumed to be known for the implementation of the
SDO and the controller. The authors assume that the load resistance and the input voltage are unknown.
However, the input voltage and not its estimate appears in the expressions of the SDO and the controller.
Using the nominal value of the input voltage may lead to an unsatisfactory response when the input
voltage changes. In [7] and [8], other parasitics like the MOSFET on-resistance, the diode forward
resistance, the conducting voltage of the diode and the capacitor equivalent series resistance with the
parameter uncertainties of the converter were not accounted for in the design of their controllers. Also
in practice, the values of the parasitics are unknown and must be estimated as part of an uncertain
lumped signal.

In [9, 10], the immersion and invariance technique is employed to estimate the input voltage and
inductor current using output voltage and control signal information. However, the robustness of the
controllers developed was not tested against parasitics and parameter uncertainties of the converters. In
[11], a finite-time generalized parameter estimation-based observer is adopted to estimate the inductor
current of a boost converter with a PI passivity-based control to stabilize it. The robustness of the
controller was simulated only for a load step change and its robustness to input voltage variation,
parameter uncertainties and parasitics was not tested. In [12], a multiloop solution is developed for the
output regulation of the DC-DC converter that utilizes an output voltage-derivative observer instead
of the inductor current measurement. The tuning of the controller parameters is laborious, with many
steps involved in the control scheme.

The effectiveness and performance of the controller on the output response of the converter depend
on an accurate modeling of the system. Ignoring parasitics, parameter uncertainties, input voltage,
and output load resistance disturbances in the design of the controller may result in a degradation of
the output response. In this case, the output response may suffer from substantial steady-state errors
with large output variations when the converters are subjected to large unknown time-varying external
disturbances that may even lead to instability.

In this work, a current-sensorless robust sliding mode controller for the DC-DC boost converter is
proposed. The derivative of the output voltage is estimated and used in the controller feedback instead
of the measured inductor current. An extended state estimator is developed to estimate a lumped
disturbance signal that includes load and input variations, parameter uncertainties and parasitics of
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the converter and also to estimate the derivative of the output voltage. A linear sliding surface is
used to derive the controller. The salient feature of this work is the simplicity of the design of the
controller, with a very simple procedure to select the parameters of the sliding mode controller that
is capable of dynamically compensating for the disturbance to achieve a high performance in terms
of disturbance rejection despite the absence of the inductor current feedback. The robustness of the
proposed controller is validated using simulations.

2. Current-sensorless robust sliding mode control design

2.1. DC-DC boost converter averaged model

A basic boost converter with parasitic elements is shown in Figure 1.

S
o

Figure 1. The boost converter.

Under continuous conduction mode (CCM), the averaged model of the boost converter is derived
using Kirchhoff circuit laws in both modes, u = 1 (ON-state) and u = 0 (OFF-state) and then using the
state-space averaging technique to obtain

R
— 4+ —u+(1 —u)—D)x1

. (RL Rps
X = —
L L L

X2 Vb E
—1-w=-1-u—=+= 2.1
(xu)Lx( W+ 7 2.1)
X =(1- I/l)—(; — R_é + (1 —u)Rcx; — —RCX2

where x; represents the average inductor current, and x, is the output voltage across the load resistor.
The unknown parameters E, L, C and R represent the input voltage, the inductance, the capacitance
and the load resistance, respectively. However, their respective nominal values E,, L,, Cy and R, are
assumed known for the implementation of the controller. The control input u to the converter is the duty
ratio function. The unknown parameters R;, Rps, Rp, Vp and R¢ represent the inductor equivalent
series resistance, the MOSFET on-resistance, the diode forward resistance, the conducting voltage
of the diode and the capacitor equivalent series resistance, respectively. The switching losses could
have been accounted for by including a switching loss resistance in the inductor branch as proposed
in [13]. In [14], a similar model with parasitics was considered with the diode D; and the diode forward
resistance Rp of diode D missing. The average model uses the voltage across the capacitor C as a state
variable instead of the true output voltage across the load resistor.

The complementary diode D; is added to improve the start-up of the converter [15, 16] and
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guarantees that the initial condition of the capacitor voltage neglecting the parasitics is

x0)=FE
System (2.1) can be written as
E,
B= (-2 4+ 204 g,
. xi 0 X
=(1-u)—-—+4d
Jdy = ( M)Co R,C, 2
where R R R v
d = —(f+%u+(1 —u)TD)xl ~(1-w=2
1 1 E E,
+(1-u)|——-—=|x+|—-—
L, L L L,

R
dzz—fcx2+(l—u)ch1+(1—u) c ol

R 1
R.C, RC)™

(2.2)

(2.3)

(2.4)

Taking the derivative of both sides of the second equation of (2.3) and using the expression for X; given

by the first equation of (2.3) yields
XX X2

xz:(l_u)c__uC__RUC() +d2

CO . 0 0
C, R,C,
X2 Eo dl
= — 1 — 2 1 — 1 — _
(1 -uw L0C0+( .M)L0C0+( M)Co
a2 Ly
c, R,C, °

The system (2.5) can be rewritten as
. 2u uk, Xy e d
PTLG YT LG T RG,

where
u? 1 E, X
d=- Xy — Xy + —U—
L()C() 1 L()C() L(IC() C()
( _ u)dl + dz
Let
e =Xy — Vi
e = ég

(2.5)

(2.6)

2.7)

(2.8)
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Using the substitution x, = e + V,.r, X, = €; and %, = &, into (2.6), model (2.1) can be redefined as

©—[26e2 + Viep) ~ E,

- e +d
L,C, R,C,

él =
(2.9)

é2:€1

2.2. Design of the extended state observer

By using the lumped uncertainty d as a state variable, the extended state observer (ESO) for the

system(2.9) is
é— [2(6 +V )—E]—— +d+ K,e
1—[ ~ 2 ref o RC 1 1€1

(2.10)

éz = él + Kzéz

d = K32,
where 2,8, and d are the estimates of e;, e, and d, respectively, and &, = e} — &1, & = ey — é;.
The parameters K, K, and K3 are the observer gains. Please note that &, is used instead of &, in the
third equation of (2.10) to estimate the lumped disturbance d. The error &, is very sensitive to external
disturbances, especially to input voltage changes, and therefore, its use will in general require a smaller
gain K3. This will lead to less oscillatory responses during external disturbances than using &,.
The extended state estimator (2.10) cannot be implemented because e; is not measured. It can be

written as
u

L,C,

22+ Viep) - E| - =2
+d - K2,

e —Kie, =

. @.11)
e, =e + Kye,

A

d— K3€1 = —Kg,él
Realizing that ¢, = ey, it is apparent that the auxiliary state variables ¢, g, and g3 can be chosen as
g1 =2 -Kies, ¢ =&, g3 =d - Kze, (2.12)

and their use in (2.11) yields the following extended state estimator.

[2(62 + Vref) - Eo] - R,,IC‘,,

+q3 + Kzes — Kiq1 — Kies

_ u
- L,C,

q (g1 + Kye2)

4> = q1 + Kiey + K2 (2.13)
43 = —K3q1 — K Kze;
ey =q +Kiey, &3=qr,d = q3+ Kze, o = 2 — @
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Using (2.9) and (2.13), the dynamics of the state errors are

oo
éz = él —K2€2
d~: —-K3é, +d

e =Aé+ Bd
whered =d —d, & = [¢,, &, d]” and
1
~R.C. - K 0 1 0
A= 1 K, 0|,B=]|0
-K; 0O O 1

(2.14)

(2.15)

(2.16)

The eigenvalues of the system matrix A are determined from the characteristic equation

3 1 2 K>
s” + (_Roco + K, + KZ) s°+ (Roco + KK, + K3) S

+K,K5; =0

(2.17)

There always exist K, K, and K3 such that the poles are on the left-hand side of the complex plane with
the matrix A being Hurwitz. In this case, for any matrix Q = Q7 > 0, there exists a unique solution

P = PT > () satisfying the Lyapunov equation
ATP+PA=-Q

Consider the Lyapunov function
V(@) =¢&'pe
Its derivative along the solutions of (2.15) yields

V =-e"Qe + 2¢" PBd
< —AminOllell* + 2Pl BIlE]IS

and the observer estimation error € is bounded by € given by

P16,
/lmin(Q)

llell < e=2

where 61 = sup,¢g o) |ld|| and A,,;,(Q) denotes the minimum eigenvalue of Q.

2.3. Design of the controller and stability analysis

We consider the following sliding surface:

o =e +’)/é2—K1€2
=q1+yq
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where we have used é; = ¢g; + Kje; and g, = &, and y > 0 is a design parameter. We consider the
following controller
u=a(z=+K -7)q -ag

1% - K+ Kf - VKl)ez — aKyyg, — aKyo

+a( (2.23)

where
o= LoCo (2.24)
|2(e2 + Vi) - Eo

Using (2.22), the controller (2.23) is derived by differentiating o with respect to time and setting ¢ = 0.
The last term @ K40 is added to ensure the sliding mode condition.
The substitution of the controller (2.23) into the derivative of (2.22) leads to

0 =-Kyo (2.25)

and therefore we have ¢ = —K40 < 0, which ensures the sliding mode condition. Equation (2.25)
admits as a solution

o (t) = o(0)e ™ (2.26)

Using the initial conditions ¢;(0) = 0, ¢g,(0) = 0 for the extended state estimator (2.13), yields 7(0) = 0
and in this case o (¢) = 0 for all # > 0 with the reaching phase completely eliminated.

Theorem 1: For the system (2.1) with the extended state estimator (2.13) and driven by the controller
(2.23), the output voltage x, is uniformly convergent to a ball Q(r) centered at V,., with a radius r
given by

. (y+1e

- (2.27)

with a decay rate (y — K;). Here v > K, and the parameter € is defined in (2.21)

Proof: Substituting (e; — &) for &y, (e; — é;) for é; and o = 0 in equation (2.22) and solving for e,
yields
e1=—(y—Kpey +é +vyé (2.28)

Using e; = X%, and e, = x, — V,,.; into (2.28) yields the following dynamic equation:
do = =(y = K)(x2 = Viep) + &1 + 7é; (2.29)

In view of (2.21), ||é1]| < €, ||é2]| < € and the solution x, of (2.29) is bounded by

x| <

1
Viyer + u] (1 - e—(y—lﬁ)t) (2.30)
Y- K

and consequently, x, is uniformly convergent to a ball centered at V..., with a radius r given by (2.27)
and a decay rate (y — K;).

Remark 1: If the lumped uncertainty d is bounded and satisfies lim,_,..d = 0, then &, &, and d converge
asymptotically to 0 with x, exponentially converging to V,., with a decay rate (y — K).
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In some situations where we have only step load resistance and step input voltage changes then we
may have d ~ 0 long after the onset of the step changes.
In this case and in view of (2.1), (2.12)-(2.14) and (2.23), we have

limt—)oer(t) = O llmt—»ooql(t) =
lim,,00q3(t) = d, lim,_,x,(t) = ref (2.31)
limit,_u(t) = 0, lim,_,q>(t) =

Using the second equation of (2.1) with lim,_,.x(t) = 0 and lim,_,,X>(t) = 0 yields

Vref
R(1 —u)

lim, o x1 (1) = (2.32)

Using (2.31) and (2.32), the uncertainty d; and the derivative d, of the uncertainty d, given both by
(2.4) converge to

. Ry RDS Vier
litroodly (1) = —( - —)
11000l (1) + (1 —u) RO -
Vb 1 1 E E,
—(1=-w—=+(1 - - = -
(1 —-wu) 7 + (1 —u) (Ln L)Xz + (L L()) (2.33)
limy_eds(t) = 0
and finally, the lumped uncertainty d given in (2.7) converges to
2 1 E,
[y ool (£) = = Vyp = ——Vyop +
L C, L,C, L,C, (2 34)
(f “u) '
lim,_,ood;

o

Using (2.31), the steady state of the controller given in Eq (2.23) reduces to

LOCO .
= ———\[im; . d(t )
u @V, —Ey) im; ) (2.35)
The substitution of the steady state value of d(7) given by (2.34) into (2.35) and using (2.33) yields the

following quadratic equation in u
aw’ +bu+c=0 (2.36)

where
= - ‘/ + [’re
a L( D f)

L() re Lo
b= L(Rps — Rp) — SV + 2V, ~ E) (2.37)

Lo Vre f

LR

L,
Cc = (RL+RD)+ Z(VD'F Vrej E)

whose feasible solution is

—b — +/(b* — 4ac)
u= (2.38)
2a
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Its substitution in (2.32) yields the bounded inductor current x;. In the absence of parasitics
RLZOQ,RDS :OQ,VD :O‘/,RD:()Q,RC :OQ

the solution to (2.36) is
E

Vref
In this case, 0 < u < 1 with the steady state inductor current
2
Vre f
X1 =
RE

u=1-

(2.39)

(2.40)

(2.41)

Remark 2: In view of (2.14) and (2.29), a possible general guideline for the choice of the controller

and estimator gains is:
1) Choose K; = % where R,C, is the nominal time constant of the open-loop system.
2) Choose y = ¢ with m > 20.

3) Finally, choose the gains K, = 10(y — K;) and K3 = 10(y — K) to ensure that the extended observer

has faster dynamics than the controlled feedback system.
4) Choose K4 = 1.
5) If the performance is not adequate, increase m in step 2 and repeat.

Shown in Figure 2, is the block diagram of the proposed current-sensorless robust sliding mode

controller.

Sliding
surface
(Eq.2.220 <~ @

— QU

a

P d Boost
ropose u PWM/Gate 00s! X,
Controller > 5 > Converter >
Drive

(Eq. 2.23) (Eq. 2.1)

qQ1 \

Extended

Estimator \/ =
ks (Eq. 2.13) -

- as Viet
f/‘ 7‘\‘

% 'l
ot

Figure 2. Block diagram of the proposed robust sliding mode controller.
3. Simulation results

The actual DC-DC boost converter parameters that are unknown to the designer are

E=6V, L=180uH, C=250uF, R=400Q

(3.1)
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To test the robustness of the proposed controller to the parameter uncertainties, the following nominal
parameters that are known to the designer are used:

E,=9V, L,=90uH, C, =375 uF, R, =48 Q (3.2)

The desired output voltage is V., = 20 V. To account for the conduction losses, we consider the actual
parasitics of the boost converter, which are unknown to the designer as

RL = 02 Q,RDS = 001 Q, VD = 07 V,RD = 04 Q (3 3)
Rc=0.1Q '

Using Remark 2 as a general guideline, the gains of the estimator/controller parameters are chosen as

K, =5.56, y=19.44 x 10°, K, = 194.39 x 10°,

Ky = 19439 x 10°, K, = 1 (3.4)

with m = 350 and the initial conditions of the extended estimator ¢;(0) = 0, g,(0) = 0 and ¢3(0) = 0.

Figure 3 depicts the time evolution of the output voltage x, due to load and input voltage changes.
For the load disturbance rejection test, the converter is subject to a load step change from 40 € to 20 Q
at 0.2 s and from 20 Q to 40 Q at 0.4 s. The maximum voltage deviation is 2.5% and the disturbance is
completely rejected in less than 50 ms. For the input voltage disturbance test, the converter is subject
to a step input change from 6 V to 7 V at 0.6 s and from 7 V to 6 V at 0.8 5. The maximum voltage
deviation is 4% and the disturbance is completely rejected in less than 50 ms. Figures 4, 5, 6 and 7
depict the inductor current x;, the duty ratio u, the sliding surface o and the actual disturbance d and
its estimate d, respectively. As seen in this simulation, the proposed controller exhibits an excellent
disturbance suppression capability during load and input voltage changes with small overshoosts and
short recovery times.

40 T T T T
21 20,5

205 20
30 L J\ V
20 19.2}

IS 0.8 0.85
S0l uNe LM
<! / /
20.5 20.8
20
10 19.5V . J\
B 02 0.25 0.6 0.65
0 1 1 Il 1
0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 3. Output response due to load and input variation.
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Time(s)
Figure 4. Inductor current.

0.2f
0 Il 1 | |
0 0.2 0.4 0.6 0.8 1
Time(s)
Figure 5. Duty ratio u.
3
1 x10 | . |
0.5r
e 0
0.51
_1 LS 1 1 |
0 0.2 0.4 0.6 0.8 1

Figure 6. Sliding surface o
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-7 | L—
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0 0.2 0.4 0.6 0.8 1

Time (s)
Figure 7. Actual disturbance d in black and its estimate  in red.

4. Conclusions

A PWM-based current-sensorless robust sliding mode controller for the DC-DC boost converter
is proposed that requires only one sensor for the output voltage measurement. An extended state
observer is used to estimate a lumped uncertainty signal that comprises the uncertain load and the
input voltage, parameter uncertainties, parasitics and also to estimate the derivative of the output
voltage. A linear sliding surface is used to derive the controller. The controller proposed is simple
in its design and yet exhibits excellent features in terms of disturbance suppression despite the absence
of the inductor current feedback. Its robustness is validated by computer simulations. Future work
will be the validation of these results experimentally and the development of a systematic procedure to
determine the gains of the controller to meet certain specifications.
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