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Abstract

This article deals with the sensor-less control of a DC Motor via a SEPIC Converter-Full Bridge combination powered through
solar panels. We simultaneously regulate, both, the output voltage of the SEPIC-converter to a value larger than the solar panel
output voltage, and the shaft angular velocity, in any of the turning senses, so that it tracks a pre-specified constant reference.
The main result of our proposed control scheme is an efficient linear controller obtained via Lyapunov. This controller is based
on measurements of the converter currents and voltages, and the DC motor armature current. The control law is derived using
an exact stabilization error dynamics model, from which a static linear passive feedback control law is derived. All values of the
constant references are parameterized in terms of the equilibrium point of the multivariable system: the SEPIC converter desired
output voltage, the solar panel output voltage at its Maximun Power Point (MPP), and the DC motor desired constant angular
velocity. The switched control realization of the designed average continuous feedback control law is accomplished by means of a,
discrete-valued, Pulse Width Modulation (PWM). Experimental results are presented demonstrating the viability of our proposal.
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I. INTRODUCTION

Solar photovoltaic energy is one of the most popular re-
newable energy technologies since it uses the energy radiation
that we receive from the sun which is available practically
everywhere. Solar photovoltaic energy is mainly used as an
alternative energy source for residential or industrial electri-
cal systems [1]. However, another important application is
the use of solar energy in transportation. The better known
applications are referred to the hybrid solar vehicles which
are frequently mentioned as an alternative to conventional
combustion engine equipped vehicles [2]. Other interesting
application of electric vehicles is constituted by the “space
elevator” concept, which proposes to use a carbon nanotube
cable, connected between the earth and a counterweight in
space, to allow a vehicle to travel to space and back. The
vehicle moves on the cable using electric motors and the power
is produced from solar panels that are illuminated by a ground
based laser [3].

On the other hand, the combination of DC-to-DC power

Manuscript received Nov. 4, 2010; revised May 13, 2011
Recommended for publication by Associate Editor Jun-Keun Ji.†Corresponding Author: jlinares@mixteco.utm.mx
Tel: +52-953-5320214(Ext.760), Universidad Tecnológica de la Mixteca∗Centro de Investigación y de Estudios Avanzados del IPN CINVESTAV,
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converters, powered through a solar panel, with DC motor
drives is a new alternative to develop motion systems that
do not need conventional electrical energy for being operated.
This type of solar drive we can find in the work reported
in [4]. In this application, the power converters transfer the
solar panel power to the load represented by a DC motor [3],
[5]. The output voltage of the power converter delivers the re-
quired voltage supply to the DC-motor in accordance with the
demanded task, represented, for example, by the achievement
of the desired angular velocity profile or of the desired angular
position reference trajectory [7], [11]. Nonlinear average mod-
els replacing the discrete nature of the switching control in the
transistor are commonly used in the feedback control design
for DC motor/dc-to-dc power converters. Following the design
of these models, speed sensorless controllers were designed
[6], [10], [11]. Switched implementations of average dynamic
output feedback control laws; by means of a PWM-modulator,
are widely known in classic communications and analog signal
encoding literature; for novel applications see [8], [9]. The DC
motor/SEPIC converter combination powered via a solar panel,
has been used for the speed sensorless control. However, until
now, the controller designed can only regulate the angular
velocity shaft on positive direction [5]. Likewise, the DC
motor/SEPIC converter combination powered via an AC-to-
DC converter, has been used for a direct regulation of the
motor shaft speed on positive direction [12]. While, the SEPIC
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Fig. 1. Model of a cascaded SEPIC-Full Bridge converter/dc-motor combina-
tion powered via a solar panel.

converter topology has been widely used in control methods
for tracking maximum power point in photovoltaic power
systems [13]–[15].

In this article, we develop a solar panel fed drive for
DC motor speed regulation. The power converters (SEPIC-
Full Bridge) are used as an interface on which we can,
simultaneously, control the converter’s output voltage and the
angular speed of the DC motor, under certain conditions of
solar radiation. The controller drives the combined system to
a constant set-point allowing the output voltage of the SEPIC
converter feed the load represented by a second Full-Bridge
converter feeding, in turn, a DC motor. The angular velocity
of the DC-motor, driven by the Full-Bridge converter, is
therefore also regulated. We address the cascade arrangement
of a SEPIC DC-to-DC power converter and the Full Bridge
converter, a “SFB-converter”. The main task is to achieve
the regulation of the angular velocity to a constant value in
both possible directions of rotation of the DC-motor shaft.
The regulation is carried under a certain maximum power
condition on the solar radiation hitting the solar panel. A
simple linear time varying state feedback controller, based on
exact static error dynamics passive output feedback, is shown
to globally stabilize the state trajectory regulation error to
zero while requiring only the measurement of the converter
currents and voltages, and the DC motor armature current for
the synthesis of the feedback law. The dynamic average multi-
variable model of the “SFB converter/DC-motor” combination
is shown to conform to a special energy managing structure
which is suitable for passivity-based feedback techniques. The
reference signals of the multi-variable system are generated
via the nominal equilibrium values of the composite plant.
We use a desired constant value of the SEPIC converter output
voltage, we assume that the solar panel output voltage operated
at the Maximum Power Point (MPP), and we set a desired
constant value for the DC motor shaft angular velocity. These
desired constant references, in turn, completely define the
reference constants of the input currents, output voltages, and
average controls of the “SFB-converter”. The desired constant
references can all be computed in an off-line fashion.

This article is organized as follows: Section II deals
with the average model of the multi-variable system “SFB-
converter/DC–motor”, including the converters, in a cascaded
arrangement, being powered via a solar panel. Section III
is concerned with the desired constant references generation
required by the proposed linear time feedback controller.
Section IV presents a linear feedback controller derived on
the basis of elementary passivity considerations. We term
such a scheme “the Exact Static Error Dynamics Passive
Output Feedback” controller (ESEDPOF), see [11], [16]. In
Section V, the experimental setup is described and used for
validating the performance of the proposed control policy via

actual laboratory experiments. The last section presents some
conclusions and perspectives for further work.

II. THE AVERAGE MODEL OF THE MULTI-VARIABLE
SYSTEM “SFB-CONVERTER/DCMOTOR” POWERED VIA A

SOLAR PANEL

We consider a combination of a SEPIC DC-to-DC power
converter cascaded by a Full Bridge, both powered by a solar
panel and loaded by a DC-motor, as depicted in Fig. 1. Using
Kirchhoff’s current and voltage laws and Newton’s second law
of mechanics, we obtain the following average model of the
multivariable system:

L1
diL1

dt
= vin (t)− (1− u1av ) (v1 + v0) (1)

L2
diL2

dt
= v1u1av − (1− u1av ) v0 (2)

C1
dv1

dt
= −iL2u1av + (1− u1av ) iL1 (3)

C2
dv0

dt
= −v0

R
+ (1− u1av ) (iL1 + iL2)− iau2av (4)

La
dia
dt

= −Raia −Keω + v0u2av (5)

J
dω

dt
= Ktia −Bω − τL (6)

where the variables in the model represent:
vin solar panel output voltage supply;
iL1

inductor current in the SEPIC converter (L1 ) ;
iL2 inductor current in the SEPIC converter (L2) ;
v1 Capacitor voltage in the SEPIC converter (C1);
v0 Capacitor voltage in the SEPIC converter (C2);
ia armature current;
ω angular velocity of the motor shaft;
u1av

average control input of the SEPIC converter;
u2av average control input of the Full Bridge converter;
τL load torque;
Using matrix notation, the nonlinear system (1)–(6) may be

represented in the following energy-management, or passive,
form:

Aẋ = [J (uav)−R]x+ Buav+η (t) (7)

where x is an 6-dimensional vector, A is a symmetric, positive
definite, constant, matrix, J (uav) is a skew symmetric matrix,
for all uav , of the form

J (uav) = J0 +
m

Σ
i=1

Jiui,av. (8)

Here, the matrices Ji, i = 0, 1, ...,m are constant skew
symmetric matrices. R is a symmetric, positive semi-definite
constant matrix. B is a constant 6 × 2 matrix. The vector
uav is the average control input vector assumed to be 2-
dimensional, with its two components, ui,av , i = 1, 2 taking
values, respectively, in the closed sets: [0, 1] and [−1, 1] of
the real line. The vector, η(t), is an 6-dimensional smooth
vector function of time, t, or, in some instances, it represents
a vector of constant entries. Note that the vector Rx represents
the dissipative field of the system while J (uav)x represents
the, control input dependent, conservative field of the system.
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The control input channels are represented by the columns of
the constant matrix B while η(t) represent the external inputs
to the system, which is constituted, generally speaking, by a
either a battery voltage value, a solar panel output voltage,
or an ac line voltage. This vector also contains the external
disturbance torque input τ .

Specifically, in attention to equation (7), we have :

xT = (iL1
, iL2

, v1, v0, ia, ω) (9)

with

A = diag (L1, L2, C1, C2, La, J) (10)

while the matrices in (7) and (8) are given by

J (uav)=




0 0 u1av − 1
0 0 u1av

1− u1av
−u1av

0
1− u1av

1− u1av
0

0 0 0
0 0 0

u1av
− 1 0 0

u1av
− 1 0 0

0 0 0
0 −u2av 0

u2av
0 −Ke

0 Kt 0



. (11)

Note that for arbitrary values of u1av
, u2av

, the matrix
J (uav) is skew-symmetric, that is JT (uav) = −J (uav).
Since, Ke = Kt, due to energy conservation (i.e., the power
absorbed by the back electro-motive-force (emf) is fully con-
verted into mechanical power, see [7]). The matrix, R, is
symmetric and positive-semidefinite, i.e., RT = R ≥ 0.

A. Coupling of the solar panel and the SEPIC converter

Using the Linear Reoriented Coordinates Method, discussed
in [17], we have the optimum voltage given by:

Vop = Voc + bVoc ln
[
b− be−( 1

b )
]

(12)

While that the maximum power of the PV panel is then given
by:

Pmax = VopIop = Vop
Isc − Isce

(
Vop
bVoc

− 1
b

)

1− e−( 1
b )

(13)

From (13), we find that the PV panel characteristic constant,
b, is given by:

b =

Vop

Voc
− 1

ln
[
1− Iop

Isc

] (14)

One way to find the constant, b, of our solar panel is by using
the information given by the Solarex manufacturers data sheet,
[19], using the method presented in [18] where,

b =
16.8V
21V − 1

ln
[
1− 2.97A

3.23A

] ≈ 0.08 (15)

The value b in (15) is used throughout in the developments
concerning the experimental setup.

There exists a direct relation between the PV panel charac-
teristic constant, b, the fill factor, ff , and the efficiency of the
PV panel, (ηp),

ff =
Pmax

IscVoc
=
Vop

(
1− e

(
Vop

bVoc
− 1

b

))

Voc

(
1− e−( 1

b )
)

ηp =
VopIop
Pin

where Pin is input light power. The I-V and P-V characteristic
curves for a percentage of effective intensity of light over the
SX50U solar panel are showed in data sheet [19].

At the point of maximum power the photovoltaic panel
has a dual behavior; it may function as a current source, or
as a voltage source. For the panel to function as a voltage
source it needs to have a capacitor, of appropriate value,
connected between its output terminals. This ensures that the
PV panel works as a DC voltage source, which acts as the main
power source for the SEPIC converter. This coupling capacitor
significantly reduces the output voltage variations of the panel.
Figure 1 shows the link between the PV panel and the SEPIC
converter via the capacitor. Considering that all the energy
of the current variation is supplied by the capacitor, Cin,
connected in parallel with the panel, the following equation
is obtained (see [1]).

1

2
Cin

(
V 2

max − V 2
min

)
=

1

2
L1

(
I2
max − I2

min

)
(16)

Solving for the Cin parameter from (16), we obtain,

Cin =
L1

(
I2
max − I2

min

)

(V 2
max − V 2

min)

=
L1 (Imax + Imin) ∆I

(Vmax + Vmin) ∆V

=
L1 · Inom ·∆I
Vnom ·∆V

(17)

where:
Vnom = 2 (Vmax + Vmin) nominal voltage in the SEPIC

converter input.
Inom = 2 (Imax + Imin) nominal current in the SEPIC

converter input.
∆V is the ripple voltage in the SEPIC converter input.
∆I is the ripple current in the SEPIC converter input.
The value of the coupling capacitor, Cin, depends on the

design of the maximum and minimum input currents to the
SEPIC converter. It also depends on the nominal values of
voltage and current flowing out of photovoltaic panel as well as
the value of the SEPIC converter input inductor L1. Therefore,
using the values of the designed SEPIC converter and the
manufacturer’s data sheet for the PV panel, we can compute
the appropriate value of the coupling capacitor to use the PV
panel as a DC voltage source.
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III. REFERENCE VARIABLES OF THE MULTI-VARIABLE
SYSTEM

Based on the given average model equations, (1) to (6),
we define the reference model, to regulate the system in an
operating point, through the following nominal equations

L1
dı̄L1

dt
= v̄in (t)︸ ︷︷ ︸

:=Vop

− (1− ū1av
) (v̄1 + v̄0)

L2
dı̄L2

dt
= v̄1u1av

− (1− ū1av
) v̄0

C1
dv̄1

dt
= −ı̄L2

u1av
+ (1− ū1av

) ı̄L1

C2
dv̄0

dt
= − v̄0

R
+ (1− ū1av

) (̄ıL1
+ ı̄L2

)− ı̄aū2av

La
dı̄a
dt

= −Ra ı̄a −Keω̄ + v̄0ū2av

J
dω̄

dt
= Kt ı̄a −Bω̄ − τ̄L (18)

Putting the reference model in its passive form, we have

A
.
x̄ = [J (ūav)−R] x̄+ η̄ (t) (19)

Equating the right side of equation (19) to zero, and substitut-
ing the two desired constant voltages of the SEPIC converter
as well as the desired constant angular velocity, we have the
following equilibrium point:

v̄1 = v̄in (t) = Vop (20)
v̄0 = Vd (21)
ω̄ = ωd (22)

ı̄a =
B

K
ωd (23)

ū1av =
Vd

Vop + Vd
(24)

ū2av
=
ωd

(
BRa

K +K
)

Vd
(25)

ı̄L1 =
V 2
d

RVop
+

(
RaB

2 +K2B
)
ω2
d

VopK2
(26)

ı̄L2
=

Vd
RL

+

(
RaB

2 +K2B
)
ω2
d

VdK2
(27)

τ̄L = 0 (28)

The vector of reference states is based on the nominal values
pre-specified by equations (20), (21) and (22). Thus, we define
the vector of state references as

x̄T = (̄ıL1
, ı̄L2

, v̄1, v̄0, ı̄a, ω̄)

Note that the reference value of the voltage v1 is the opti-
mum voltage of the solar panel (see (12)). Thus, the controller
u1av

will regulate the capacitor voltage in the SEPIC converter
(C1) to the optimum voltage of the solar panel whenever the
solar irradiance is suitable (see (20)). The main objective of the
control is to hold, at all times, the SEPIC output voltage (v0)
to desired reference (Vd), which is maximum nominal value
of the DC motor supply. This is enforced with the purpose of
controlling the angular velocity of the DC motor, from a zero

speed, to the a maximum nominal speed marked on the data
sheet provided by the DC motor manufacturer.

Nominal reference values developed in (20) to (28) will be
used by the multivariable controller synthesized on elementary
passivity considerations. Here we use the Exact Static Error
Dynamics Passive Outputs Feedback (ESEDPOF) which is the
stabilization counterpart of the Exact Tracking Error Dynamics
Passive Output Feedback (ETEDPOF) introduced in [16].

IV. PASSIVITY-BASED AVERAGE MULTIVARIABLE
CONTROLLER DESIGN

It is desired to control each of the output variables to
their reference values. The first output to be regulated is the
SEPIC converter output voltage, v0. The second output is the
angular velocity of the DC-motor, ω. The reference values for
these variables have a direct dependence on the solar panel
output voltage. Therefore, according to the prevailing solar
radiation, we can maneuver the average controller, u1av to
achieve a desired value (Vd) for the SEPIC output voltage
(v0). This desired value is the input supply source of the
full bridge converter, where Vd is also the maximum nominal
value of the DC motor. By means of u2,av we can regulate
the DC motor angular velocity, from zero to its maximum
velocity. Computing the stabilization error dynamics from the
subtraction of (7) with (19), we have

Aẋ−A
.
x̄ = (J (uav)−R)x− (J (ūav)−R) x̄

+ (η − η̄)

Aė = (J (uav)−R)x− (J (ūav)−R) x̄

+(η − η̄)︸ ︷︷ ︸
:=ϑ

(29)

Considering that ϑ = 0, due in part to τL = τ̄L = 0 and
vin (t) = v̄in (t) = Vop, after some algebraic manipulations
carried out on the error dynamics, while denoting the average
control input error as: euav

= uav − ūav , we have

Aė = J (uav) e+ (J (uav)− J (ūav)) x̄−Re (30)

Due to the linearity of equation (30) the expression J(uav)−
J(ūav) may be written as,

J(uav)− J(ūav) =
∂J(uav)

∂uav

∣∣∣∣
uav=ūav︸ ︷︷ ︸

=:J

euav

Therefore, equation (8) is written as
m∑

i=1

Ji (ui,av − ūi,av) =

m∑

i=1

Jiei,uav
(31)

Substitution of equation (31) in (30) results in

Aė = J (uav) e−Re+

m∑

i=1

Jiei,uav
x̄

= J (uav) e−Re+ [(J1x̄, . . . ,Jmx̄)]︸ ︷︷ ︸ ei,uav

=:B̄

= J (uav) e−Re+ B̄euav (32)
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We address this last expression ad the the open loop stabiliza-
tion error dynamics.

We choose the Lyapunov function candidate,

V (e) =
1

2
eTAe (33)

The symmetry of the matrix A and the antisymmetry of the
matrix J (uav), for any uav , then implies that

V̇ (e) = eTAe = −eTRe+ eT B̄euav (34)

Let Γ be a positive definite constant matrix. The control input
error, uav , in (34) may be conveniently specified to be

euav = uav − ūav = −ΓB̄T e (35)

The equation given by (35) is a linear stabilization output error
feedback controller. We address this controller as the “Exact
Static Error Dynamics Passive Output Feedback” or, shortly,
ESEDPOF controller, see [9], [11], [16]. It follows that

V̇ (e) = −eTRe− eT B̄ΓB̄
T
e

= −eT
(
R + B̄ΓB̄

T
)

︸ ︷︷ ︸
=:R̃

e ≤ 0 (36)

When the matrix, R̃, from (36), is positive definite, we say
that the dissipation matching condition is being satisfied. If
the matrix term, R̃ is only positive semi-definite, we say we
have a defect on the dissipation matching condition for the
fed back system. Roughly speaking, this condition states that
if the natural dissipation of the system is not fully present in
the entire state space, full dissipation may be still achieved by
an appropriate, supplementary, feedback control action.

In our case, for any constant, positive definite, symmetric
matrix Γ we find that the matrix R̃ is given by:

R̃ = R + B̄ΓB̄
T ≥ 0

From the Sylvester criterion, one finds that the matrix R̃ is
only a positive semi-definite matrix and therefore we have a
defect in the dissipation of the fedback system. From (35), the
feedback control law may be given by:

m=2

Σ
i=1

eui,av
= −

(
Γ1 0
0 Γ2

)




v̄0 + v̄1 0
v̄0 + v̄1 0
−ı̄L1 − ı̄L2 0
−ı̄L1

− ı̄L2
−ı̄a

0 v̄0

0 0




T

e

(37)

where,

e =
(
eL1

eL2
ev1 ev0 eia eω

)T

Note that we use a diagonal matrix Γ = diag(Γ1, Γ2),
with Γ1and Γ2 being both positive constants. The dissipation
matching condition, is not satisfied, but the LaSalle theorem
fully applies and it can be seen, with little effort, that the closed
loop stabilization error system has a unique equilibrium at the
origin and that this equilibrium is asymptotically stable.

Fig. 2. Experimental setup of the “SFB-converter/dc-motor” system.

The multivariable feedback control law is given by

u1,av = ū1,av − Γ1 (v̄0 + v̄1) (iL1 − ı̄L1)

+ Γ1 (̄ıL1 + ı̄L2) (v1 − v̄1)

− Γ1 (v̄0 + v̄1) (iL2 − ı̄L2)

+ Γ1 (̄ıL1 + ı̄L2) (v0 − v̄0)

u2,av = ū2,av + Γ2 ı̄a (v0 − v̄0)− Γ2v̄0 (ia − ı̄a) (38)

V. EXPERIMENTAL SETUP FOR THE
SFB-CONVERTER/DC–MOTOR SYSTEM

The experimental hardware setup is depicted in Fig.2. It
is composed of the following devices: a permanent magnet
dc-motor of type Hitachi D06D304E with an encoder of 240
pulses/rev, three current sensor circuits; two for the inductors
current of the SEPIC power converter and a third one for
the armature current of the DC-motor, two voltage sensor
circuits; the two sensors are for the voltage measurements of
the SEPIC capacitors. The Fig.2 shows also: an external pulse
width modulator circuits (45 kHz), a data acquisition card that
serves as a link between the analog circuits and the computer
through the Real-Time Windows Target Simulink Library, a
computer equipped with MATLAB/Simulink to implement the
average controllers.

A data-acquisition card, of type DAQCard-6062E, was used
as a hardware interface to MATLAB/Simulink where the
algorithm of the linear feedback controllers of the system was
programmed. The external PWM-modulators were employed
to command the switch positions functions for the power
converters. Conventionally, the duty ratio of the PWM is set
to the average continuous linear feedback control laws. The
PWM-modulators were implemented externally in order not to
reduce the transfer capacity of the data acquisition card which
can be driven faster than 45 kHz.

The design parameters chosen for the SEPIC-Full Bridge
converter were: the input voltage of main supply v̄in (t) =
Vop is taken as reference variable in the MPP, which has a
performance of rated power (Pmax) of 50W and an optimum
voltage in the MPP of 16.8V for a solar radiation of 1KW /m2;
The capacitors were set to be: C1 = 22µF , C2 = 470µF ,
while the inductors were taken as, L1 = L2 = 1mH , the
resistor was set to be: R = 94Ω. The value capacitor Cin is
calculated through (17) with the parameters following: Inom =
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TABLE I
SPECIFICATIONS OF THE SFB-CONVERTER/DC-MOTOR SYSTEM

System Parameters
CS1, CS2, CS3 Current sensor (NT-15)
VS1 Voltage sensor (ISO124)
VS2 Voltage sensor (AD620)
SEPIC Driver Single driver (IR2117)
Full Bridge Driver Dual driver (IR2113)
Power diode D1 (BYV32)
Switching device Mosfet (IRF640)
Commutation freq. 45Khz
Solar panel SX50U (Solarex)
DC Capacitor 1 C1 = 22µF
DC Capacitor 2 C2 = 470µF
Input Capacitor Cin = 2µF
SEPIC inductors L1 = L2 = 1mH
Resistor load R = 94Ω
DC-Motor D06D304E (Hitachi)
Armature resitance Ra = 2.0Ω
Armature inductance La = 8.9mH

Viscous friction coef. B = 249.6µ
(Nm−s)

rad
Moment of inertia J = 8.2µkgm2

Electrical constant Ke =0.0884V sec
rad

Torque constant Kt =0.0884N−m
A

Sampling Time 520µ sec
Optimum voltage 16.8V (MPP)
PWM Comparators LM311 (NS)
PWM Generator ICL8038

2.97A, Vnom = 16.8V, ∆I = 0.048A, and ∆V = 4.2V.
Hence, the capacitor value Cin is of 2µF . The sampling time
of the program controller was set to 520µs. The specifications
of the SFB-converter/dc-motor system may be found in Table
I.

VI. EXPERIMENTAL RESULTS

We set constant nominal desired SEPIC output voltage
and a nominal desired angular velocity profiles for the SFB
converter/DC—motor system. These constant values were
specified in accordance with the values given in (20) to (28),
hence

v̄0 =
{

23 V 0 ≤ t ≤ 10 (39)

ω̄d =





250 rad/sec 0 ≤ t < 4

0 4 ≤ t ≤ 6

−250 rad/sec 6 < t ≤ 10

(40)

The controller tuning is performed heuristically, where
the gamma matrix values are given by the following open
intervals:

0 < Γ1 < 1 and 0 < Γ2 < 1

When the state variables measurements are equal to zero,
each one of the control inputs are equal to the reference
variables (pre-feeding). Hence, the multivariable controller
operates as a feed-forward control. Once the values of the state
variables are different from zero, the control law (38) operates
completely and the effects of gamma matrix values are a factor
in regulating the error vector. With gamma matrix values near
to the value of the unit, the noise level in the system variables
is very high, and saturates to controller and causes that the
system is been unstable. With positive values near to zero as:
Γ1 = 0.0012 and Γ2 = 0.0012, is reduced the impact of the
measurement noise on the system variables and the controller

Fig. 3. Experimental results: SEPIC output voltage v0 and SEPIC capacitor
voltage v1, SEPIC currents iL1

and iL2
for a desired constant output voltage

v̄0 and a desired constant angular velocity ω̄d task with no external load
torque, τL = 0, reference signals (dashed or dashed-dotted lines), measured
signals (solid lines).

is not saturated, and so as to keep the average control signals
within its bounds, i.e. u1av

∈ [0, 1] and u2av
∈ [−1, 1], while

guaranteeing an acceptable regulation of the angular velocity.
We measure indirectly the supply of SEPIC converter in the
maximum power point (MPP), through equation (1) on steady-
state, v̄in (t) = (1− ū1av

) (v̄1 + v̄0), see [21].

Fig. 3 shows the experimental results of the system in closed
loop. The graphic in the lower left shows the voltage response
for the capacitor C1 of the SEPIC converter. In this graph, we
see that the voltage on the capacitor C1 is slightly lower than
the reference voltage in the maximum power point (MPP). The
level of noise present is not large in the capacitor voltage C1
of the SEPIC converter (see Fig. 3), but exist a level of noise
due to the transfer energy, i.e., the capacitor C1 functions as a
link element for the transfer energy between the input (power
supply) and the output (to the load).

However, the SEPIC output voltage, v0, reaches the desired
reference value, given by (39). This is the depicted in the
upper graphic of Fig. 3. The voltage graphs of the SEPIC
converter capacitor shows a decrease in its amplitude in the
closed interval, [4, 6] sec, while the voltage response in the
capacitor C1 shows an increase its amplitude slightly, which
are produced by a regenerative braking of the motor. The
graphic in the lower right shows the responses of the inductor
currents.

Fig. 4 shows the experimental results, the upper graphic
shows the angular velocity response of the motor shaft for the
reference profile given by (40). The average control inputs are
shown in the lower left, the control signal, u1,av , shows an
average value of approximately 0.68, while the control signal,
u2,av , shows three average values; one for each interval given
by the angular velocity reference profile in (40). The first
is approximately 0.77, the second is approximately 0.0, and
third is approximately −0.77. The armature current response
is shown in the lower right. In this graph, current transients are
observed, on the armature circuit motor, every time a braking
of the motor is performed.

We did other experimental test to check the performance
of the controller, this was done in accordance with the values
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Fig. 4. Experimental results: DC motor angular velocity ω, average controllers
u1,av , u2,av , and armature current ia for a desired constant output voltage
v̄0 and a desired constant angular velocity ω̄d task with no external load
torque, τL = 0, reference signals (dashed or dashed-dotted lines), measured
signals (solid lines).

Fig. 5. Experimental results: SEPIC output voltage v0 and SEPIC capacitor
voltage v1, SEPIC currents iL1 and iL2 for a desired constant output voltage
v̄0 and a desired constant angular velocity ω̄d task with no external load
torque, τL = 0, reference signals (dashed or dashed-dotted lines), measured
signals (solid lines).

given in (20) to (28), hence

v̄0 =
{

32 V 0 ≤ t ≤ 10 (41)

ω̄d =





250 rad/sec 0 ≤ t ≤ 4

−250 rad/sec 4 < t < 7

250 rad/sec 7 ≤ t ≤ 10

(42)

Fig. 5 and Fig. 6 show the experimental results, where the
graphic in the lower left of Fig. 5 shows the voltage response
of the capacitor C1 of the closed loop SEPIC converter. In
this graph, we see that the voltage on the capacitor C1 is
slightly lower than the optimum voltage (Vop), but when the
desired angular velocity is negative this voltage was decreased
a 10%. However, the output voltage response of the SEPIC
converter, v0, reaches the desired reference value even when
the desired angular velocity is negative, given by (42). While
the actual inductor currents reach their desired references,
these are shown in the lower right of the Fig. 5.

Fig. 6 shows the angular velocity response of the motor shaft
for the reference profile given by (42). The average control
inputs are shown in the lower left of Fig. 6, the control signal,
u1,av , shows an average value of approximately 0.7, while the
control signal, u2,av , shows three average values; one for each
interval given by the angular velocity reference profile in (42).

Fig. 6. Experimental results: DC motor angular velocity ω, average controllers
u1,av , u2,av , and armature current ia for a desired constant output voltage
v̄0 and a desired constant angular velocity ω̄d task with no external load
torque, τL = 0, reference signals (dashed or dashed-dotted lines), measured
signals (solid lines).

The first is approximately 0.77, the second is approximately
−0.77, and third is approximately 0.77. The armature current
response is shown in the lower right of Fig. 6. In this graph,
current transients are observed, on the armature circuit motor,
every time a braking of the motor is performed.

VII. CONCLUSIONS

In this article, we have presented a sensor-less controller
for a DC motor, driven by a cascade combination of a SEPIC
DC/DC converter and a Full Bridge converter, powered via
a solar panel. The SEPIC converter exhibits a resistive load
and the bridge is loaded by a DC-motor. We simultaneously
regulate, both, the output voltage of the SEPIC converter
and the angular velocity of the DC-motor shaft by means of
switched controlled policies synthesizing the duty ratio func-
tions commanding the switched “actuators” of the cascaded
converters in a PWM fashion. The control objectives are 1)
to regulate the motor angular velocity to a given constant
value in any of the two possible turning senses and 2) to
regulate the output voltage of the SEPIC converter to track
a constant reference voltage on a known resistive load. This
nominal value of the reference voltage is larger than solar
panel output voltage in the MPP. The main result of the article
is the introduction of a linear time varying passive output
feedback controller which is based only on measured variables
of the SEPIC converter and on the armature current of the DC
motor.

The derived feedback control law is, in fact, a static passiv-
ity based controller that uses the exact static error dynamics
passive output for feedback purposes. Such a passive output
demands the use of electric variables alone. Therefore, no
mechanical sensors, such as tacho-meters, are needed for
the implementation of the controller. All nominal reference
constants demanded by the linear feedback controller are
generated through the equilibrium constant points of the com-
bined multi-variable system. The controller reference variables
depend of the solar panel output voltage. For this reason, we
set these in terms of the solar panel output voltage at the MPP
value.

The discrete switching control realization of the designed
average continuous feedback control law is accomplished by
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means of a PWM-modulation scheme. In this article, we
present actual experimental results depicting the closed loop
performance of the system under the proposed multi-variable
linear time varying controller. Further experimental studies are
possible and other challenging problems remain to be solved.
Suitable modifications of the proposed controller to achieve
robustness with respect to resistive load variations, solar panel
output voltage variations, and unforseen load torques affecting
the motor shaft are being pursued at the present time. These
entitle adaptive feedback control schemes and also algebraic,
on-line, parameter estimation options.
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