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Original scientific paper

Solar photovoltaics is one of the most promising technologies for the non-carbon based electricity production.
Power electronics is therefore necessary. In this paper a converter isanalyzed which makes it possible to control
the mean value of the output voltage, this is e.g. the voltage across a DC machine (and therefore the speed) from
zero up to three times of the input voltage. The converter is also useful for charging batteries. The model of the
drive, the design of the devices, the control features are discussed,feed-forward control based on solving the limit
cycle is designed, some experimental results, and hints for the design are given.
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DC/DC pretvarači za motorne pogone – koncept, dizajn i unaprijedno upravljanje. Solarni paneli jedni
su od najznǎcajnijih sustava za proizvodnju električne energije koja se ne temelji na ugljenu. U te svrhe nužno
je korištenje ǔcinske elektronike. U ovome radu analiziran je ispravljač koji omogúcuje upravljanje srednjom
vrijednosti izlaznog napona, tj. napona u odnosu na DC ure�aj (stoga i upravljanje brzinom) u rasponu od nule pa
do tri puta razine izlaznog napona. Ispravljač se tako�er može koristiti za punjenje baterija. Model i dizajn ure�aja
zajedno sa sustavom upravljanja opisani su u radu. Prikazano je unaprijedno upravljanje temeljeno na rješavanju
granǐcnih ciklusa, dani su eksperimentalni rezultati te su prikazane pojedinosti dizajniranja ure�aja.

Klju čne riječi: upravljanje strujom, DC/DC pretvarač, unaprijedno upravljanje

1 INTRODUCTION

One of the main causes of the change of climate is
electricity production based on fossil (and short term) en-
ergy sources. Their increased demand, first of all of oil,
will heighten concerns over the security of supplies [1,
2]. The current path must be changed. Tools for such
change are energy revolution and low-carbon energy tech-
nologies. This means that the “green electronics” side must
be taken. The “green electronics” involves two major tech-
nologies [3]. One is using renewable energy sources, e.g.
wind energy, photovoltaics (PV), sea waves [4], and so
on and transform them into electricity. The second one
is to use the electrical energy as efficiently as possible by
using highly efficient power electronics in power genera-
tion, power transmission/distribution, and end-user appli-
cations.

The most abundant energy resource on earth is solar
energy. Direct conversion of sunlight into electricity in PV
cells is one of the main technologies. Solar PV power has
a particularly promising future. The IEA roadmap envi-
sions that by 2050, PV will provide 11% of global electric-

ity production (4500 TWh per year) [2]. This level of PV
will bring about, together with contributing to significant
greenhouse gas emission reductions, substantial benefits
in terms of security of energy supply and socio-economic
development. To achieve this target will require cost re-
duction of the system components (PV modules, DC/AC
inverters, cables, fittings and man-power) and increased
conversion efficiency of the PV conversion, and the devel-
opment of optimal technology.

The PV cell is an all-electrical device that produces
electrical power directly from sunlight. The PV module
that usually consists of around 36 or 72 cells connected in
series, encapsulated in a structure made of e.g. aluminium,
hasn’t any moving parts. Therefore, its lifetime could be
more than 25 years. However, the majority of the used
PV modules has a light-to-electricity efficiency of no more
than 15 % and a very large area for the production of the
needed end-user application voltage is necessary. Second,
the PV module generation capability may be reduced to
(75 ˜ 80) % of the nominal rate due to ageing.

A step-up-down DC/DC converter can change the out-
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put voltage within a wide rage even at a low value of the
input voltage [1]. Such a converter can be a separate one,
if the end-user application needs a DC voltage or is part
of the power transmission between the PV module and a
DC-AC grid side inverter, e.g. a multi-string one. The
converter is equipped with power semiconductor switches,
e.g. Insulated-Gate Bipolar Transistors (IGBTs) or field ef-
fect transistors (MOSFET) operating in switch mode with
distinctly higher switching frequency.

The paper can be outlined as follows. Section 2 deals
with the presented step-up-down converter. The function
is explained, and the voltage stress of the semiconductor
devices is calculated. Furthermore, a switched, and a non-
linear model for a converter driving a DC machine are de-
rived. Section 3 presents the approximate mathematical
descriptions of the state variables for the two modes of the
converter. Section 4 shows the control task formulation
and considers a modulation design technique. The design
result is the PWM control for the above mentioned drive
system. Some practical control considerations, the gener-
ation of the set point and some measurements of the con-
verter illustrate the features of the suggested control are
presented in section 5. The paper is finished by the conclu-
sion.

2 DC/DC CONVERTER

The basic converter is shown in Fig.1 [5] and consists
of an inductorL, an active switchS, a capacitorC, and a
passive switchD. The positive pole of the output voltage
is the cathode of the diode. The machine is modelled by
a voltage sourceUq and an inductorLA. Due to the addi-
tional capacitorC and the additional inductorL, the clas-
sical one-quadrant drive, which is only a step-down con-
verter, is transferred into a step-up-down converter. The
mean value of the output voltageU2 (the voltage across
the diode, this is also the voltage across the armature ter-
minals), with the duty ratio of the active switchd (the on-
time of the active switch referred to the switching period)
and neglecting the losses is the same as the well-known
buck-boost converter.

The converter is a one-quadrant step-up step-down con-
verter, which makes it possible to drive a DC motor in one
direction; controlled braking is not possible with this cir-
cuit. For other concepts, control applications, and detail
about the electrical machine refer to the references [6 till
9]. Figure 2 shows a two-quadrant converter developed
from Fig. 1. The converter consists now of a half-bridge
with two active and two passive switches and again one in-
ductor and one capacitor as storage elements. Now both
current directions are possible and therefore controlled
braking with feeding back energy into the input source is
achieved.

Fig. 1. One-quadrant step-up-down DC motor drive

Fig. 2. Two-quadrant step-up-down DC motor drive

2.1 Basic Analysis

The basic analysis has to be done with idealized com-
ponents (that means no parasitic resistors, no switching
losses) and for the continuous mode in steady (stationary)
state. A good way to start is to consider the voltage across
the inductors.

As for the stationary case the absolute values of the
voltage-time-areas of the inductors have to be equal (the
voltage across the inductor has to be zero in the average),
we can easily draw the shapes according to Fig. 3 and
Fig. 4. (Here the capacitor is assumed so large that the
voltages can be regarded constant during a pulse period.)
Figure 3 shows the current through and the voltage across
L. Of course the rate of rise of the current depends on the
values ofL andU1. Figure 4 shows the current through
and the voltage across armature inductorLA. Based on the
equality of the voltage-time-areas in the stationary case (it
should be mentioned that the source voltage is dependent
on the speed, but is constant in the steady state case), it is
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easy to give the transformation relationship for the source
voltageUq dependent on the input voltageU1 and the duty
ratio d. From Fig. 4 we get

(UC + U1 − Uq) · d = (1− d) · Uq, (1)

and from Fig. 3

U1 · d = (1− d) · UC . (2)

After a few steps we get the voltage transformation law

M =
U2

U1
=

Uq

U1
=

d

(1− d)
. (3)

Fig. 3. Voltage across and current through the inductor L

Figure 5 shows the voltage transformation factorM =
Uq

U1
[the ratio of mean value of the output voltage of the

converter (or the source voltage of the machine) to input
voltage] in dependence on the duty cycle d. The converter
is a step-up-down converter.

Neglecting all losses, the source voltage of the machine
in steady case is equal to the mean value of the output volt-
age. Therefore, the speed of the motor (withCE as voltage
constant of the machine) is

n0 =
1

CE
· d

1− d
· U1. (4)

Fig. 4. Voltage across and current through the inductor LA

Fig. 5. Voltage transformation rate in dependence on the
duty cycle

In the same manner a relationship for the current
through the inductors can be derived based on the equality
of the absolute values of the current-time-areas of the ca-
pacitor during on- and off-times of the active switch. From
Fig. 6 we get

IL(1− d) = ILA · d, (5)

IL = ILA · d

(1− d)
. (6)
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Fig. 6. Current through the capacitor C

For the dimensioning of the circuit, the voltage rates
for the semiconductors are important. According to the
on-state (S on,D off), the voltage across the switchS is

US,max = U1 + UC = U1 + U1
d

(1− d)
= U1

1

(1− d)
.

(7)

The same value occurs in the other state (S off, D on)
across the diode

UD,max = U1 + UC = U1
1

(1− d)
. (8)

2.2 Converter Model

For the DC motor the standard model based on [6] with
constant field flux which can be assumed if a permanent
magnet is employed or a constant excitation, is used.RA

is the armature resistance,LA the armature inductance,CT

andCE the motor constants for torque and source voltage,
J the inertia andB the damping. The state variables are the
inductor currentiL, the armature currentiA, the capacitor
voltageuC , and the speedn. The input variables are the in-
put voltageu1, and the work load (load torque)tWL. The
fixed forward voltage of the diode (the diode is modeled as
a fixed forward voltageVFD and an additional voltage drop
depending on the differential resistor of the diodeRD) is
included as an additional vector. The parasitic resistances
are the on-resistance of the active switchRS , the series re-
sistance of the coilRL, the series resistor of the capacitor
RC , and the differential resistor of the diodeRD.

In continuous inductor current mode there are two
states. In state one the active switch is turned on (or the first
active switch is turned on in case of the two-quadrant drive)
and the passive switch is turned off (or the second active

switch is turned off in case of the two-quadrant drive). Fig-
ure 7 shows this switching state one.

The state space equations are now

diL
dt

=
−iL (RL +RS)− iLA ·RS + u1

L
, (9)

diLA

dt = −iL·RS−iLA(RLA+RC+RS)+uC+u1−cE ·n
LA

(10)

duC

dt
=

−iLA

C
, (11)

dn

dt
=

cT · iLA − tWL

2πJ
. (12)

Fig. 7. Equivalent circuit for state one for the one-
quadrant drive

In state two the active switch is turned off (or the first
active switch is turned off and the second switch is turned
on in case of the two-quadrant drive) and the passive switch
is turned on. Fig. 8 shows this switching state two. The
describing equations are

diL
dt

=
−iL (RL +RC +RD)− iLA ·RD − VFD − uC

L
,

(13)

diLA

dt
=

−iL ·RD − iLA(RLA +RD)− VFD − cE · n
LA

,

(14)

duC

dt
=

iL
C
. (15)
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Fig. 8. Equivalent circuit for state two for the one-
quadrant drive

The mechanical equation is the same as in state 1 (12).

When using two active switches in push-pull mode, the
diode is shunted andVFD can be set to zero.RD is then
the on-resistance of the second switch. Combining the two
systems by the state-space averaging method leads to a
model, which describes the drive in the mean. On con-
dition that the system time constants are large compared
to the switching period, we can combine these two sets of
equations.

Weighed by the duty ratio, the combination of the two
sets yields to

d
dt




i
L

i
LA

u
C

n




=

=




−[d ·RS+(1−d)·(RC+RD)+RL ]
L

−[d ·RS+(1−d)·RD ]
L

(d−1)
L 0

−[d ·RS+(1−d)·RD ]
LA

−[d ·(RC+RS)+RLA+(1−d)·RD]
LA

d
LA

−CE

LA
(1−d)

C
−d
C 0 0

0 CT

2πJ 0 0


 ·

·




i
L

i
LA

u
C

n




+




d
L 0
d

LA
0

0 0
0 −1

2πJ


 ·

(
u1

tWL

)
+




d−1
L

d−1
LA

0
0


 · VFD

.

(16)

By the given system of equations the dynamic behavior
of the idealized converter is described correctly in the aver-
age, thus quickly giving us a general view of the dynamic
behavior of the converter. The superimposed ripple (which
appears very pronounced in the coils) is of no importance
for qualifying the dynamic behavior. This model is also
appropriate as large-signal model, because no limitations
with respect to the signal values have been made. Lin-
earizing this system around the operating point enables us
to calculate transfer functions for constructing Bode plots

and to use the linear control theory. The results are shown
in [10].

3 MATHEMATICAL DESCRIPTION OF THE
STATE VARIABLES

In this section a second more mathematical way to look
at the converter and the machine is described here. All
losses are neglected except the armature resistor of the ma-
chine. This concept is useful when a small capacitor is
used. The standard model DC motor [7, 9] with constant
field flux, which can be assumed, if a permanent magnet is
employed, or a constant excitation is used

diA/dt = (−RAiA − CEn+ uA)/LA,
dn/dt = (CM iA − Tload)/J

. (17)

whereuA is the motor input voltage,CM , CE are the mo-
tor constants for torque and source voltage,J is the inertia,
Tload is the load torque.

By using the two-position switch S it is possible to form
an average voltage value on the DC motor winding that
is needed for solving the control problem in the switched
mode. These two switch positions cause two modes of this
drive: switch-on one and switch-off one. Each switching
structure has two loops and its features.

3.1 Switch on mode

The input motor voltageuA is the sum of the converter
input voltageU1 and the capacitor voltageuC (Fig. 2). The
current through the capacitor discharges it and therefore
the voltage across it will be reduced. The behaviour of the
DC drive can be described by the following equation

u1 =
1

C

∫
ikAdt+RAi

k
A + LA

dikA
dt

+ CEn, (18)

where all variables in this mode have the upper index k.
The solution of this equation describes the changing of the
load currentiA and the capacitor voltageuC in this mode

ikA = Ce−λt[(C2ω1 − C1λ) cos(ω1t)−
−(C2λ+ C1ω1) sin(ω1t)]

. (19)

uk
C = (u1 − CEn) + e−λt[C1 cos(ω1t) + C2 sin(ω1t)].

(20)
whereλ = RA/(2LA); ω2 = 1/(LAC), ω1 =

√
ω2 − λ2,

C1 andC2 are the constants of integration according
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C1 = U0 k
C − (u1 − CEn),

C2 = 1
ω1

{ I0 k
A

C + λ[U0 k
C − (u1 − CEn)]}

. (21)

whereI0 k
A is the motor currency starting condition,U0 k

C

is the capacitor starting condition.

At the same time, in the second loop the inductor L is
connected to the input voltageU1 (Fig. 3), the inductor
currentiL is increasing, and the inductor accumulates en-
ergy

u1 = L(dikL/dt). (22)

The solution of this equation describes the changing of
the inductor currentiL in this mode

ikL = (u1/L)t+ I0 k
L (23)

whereI0 k
L is the inductor current starting condition.

3.2 Switch off mode

In this mode the motor is free-wheeling, as there is no
voltage across the armature (Fig. 4). The behavior is de-
scribed as

0 = RAi
k+1
A + LA

dik+1
A

dt
+ CEn (24)

the variable in this mode has the upper index (k+1).

The solution of this equation describes the changing of
the load currentiA in this mode

ik+1
A = −(CEn/RA) + C3e

−RA
LA

t
, (25)

whereC3 is the constant of integration

C3 = I0 k+1
A + (CEn/RA), (26)

whereI0 k+1
A is the motor current starting condition.

At the same time the second loop is a LC tank set up by
the inductor L and the capacitor C (Fig. 5). The energy ac-
cumulated in the inductor L is going to the capacitor C. The
initial condition is omitted in (27), because the solution is
done according to the second order differential equation.
Its voltage is increasing

0 =
1

C

∫
ik+1
L dt+ L

dik+1
L

dt
. (27)

The solution of this equation describes the changing of
the capacitor voltageuC and of the inductor currentiL in
this mode

uk+1
C = (C4 cosω2t+ C5 sinω2t), (28)

ik+1
L = Cω2(C

5 cosω2t− C4 sinω2t), (29)

whereω2
2 = 1/(LC), C4 andC5 are the constants of inte-

gration

C4 = U0 k+1
C , C5 = I0 k+1

L /(Cω2), (30)

whereU0 k+1
C is the capacitor starting condition andI0 k+1

L

is the inductor current starting condition.

4 FEED-FORWARD CONTROL DESIGN

The control goal is to make the motor current equal to
the reference valueiAz by using the switching mode. How-
ever, solving this problem is associated with the capacitor
voltage value. It must be designed in such a way that the
modulation control guarantees a stable average value of the
motor current with in the modulation period.

From a control viewpoint the solution is to find the limit
cycle in this system. The cycle parameters can be found
under the condition that the control variable on the (k+1)-
th cycle end is equal to those at the beginning of thek-th
cycle. And the variables: the load currentiA, the capacitor
voltageuC and the inductor currentiL cannot be discontin-
uous at the border between thek-th cycle and the (k+1)-th
one.

The existence conditions of such a limit cycle are the
following:

- for motor current

−CEn/RA + C3e
−RA

LA
tk+1

= I0 k
A (31)

iA z =
1

tk + tk+1
{
∫ tk

0

ikAdt+

∫ tk+1

0

ik+1
A dt} (32)

- for capacitor voltage

[C4 cos(ωtk+1) + C5 sin(ωtk+1)] = U0 k
C (33)

- for inductor current

Cω2[C
5 cos(ω2t

k+1)− C4 sin(ω2t
k+1)] = I0 k

L (34)

wheretk and (tk+1) are the durations of the switch-on and
switch-off period accordingly.
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Let us rewrite the above-mentioned existence condi-
tions (31)-(34) by using the equations (19)-(23), (25), (26),
(30):

(u1 − CEn){1− e−λtk [cos(ω1t
k) + λ

ω1
sin(ω1t

k)}∗
∗ cos(ω2t

k+1) + 1
Cω2

u1

L tk sin(ω2t
k+1)+

+ e−λtk

ω1C
sin(ω1t

k) cos(ω2t
k+1)I0 k

A + {e−λtk [cos(ω1t
k)+

+ λ
ω1

sin(ω1t
k)] cos(ω2t

k+1)− 1}U0 k
C +

+ 1
Cω2

sin(ω2t
k+1)I0 k

L = 0
(35)

−Cω2(u1 − CEn){1− e−λtk [cos(ω1t
k)+

+ λ
ω1

sin(ω1t
k)} sin(ω2t

k+1)+

+u1

L tk cos(ω2t
k+1)− e−λtkω2

ω1
sin(ω1t

k)∗

∗ sin(ω2t
k+1)I0 k

A − Cω2e
−λtk [cos(ω1t

k)+
+ λ

ω1
sin(ω1t

k)] sin(ω2t
k+1)U0 k

C +

+[cos(ω2t
k+1)− 1]I0 k

L = 0

(36)

−(1− e
−RA

LA
tk+1

)CEn
RA

− ω2
2

ω1C
e
−(λtk+

RA
LA

tk+1)∗
∗(u1 − CEn) sin(ω1t

k)+

+{e−(λtk+
RA
LA

tk+1)
[cos(ω1t

k)−
− λ

ω1
sin(ω1t

k)− 1]}I0 k
A +

+e
−(λtk+

RA
LA

tk+1) ω2
2C
ω1

sin(ω1t
k)U0 k

C = 0

(37)

iA z = 1
tk+tk+1 {Ce−λtk [ λ

ω1
sin(ω1t

k)+

+cos(ω1t
k)− 1](u1 − CEn)+

+CEn
RA

{−tk+1 + (−LA

RA
)(e

−RA
LA

tk+1

− 1)}+
+

e−λtkω2
2C

ω1
(u1 − CEn) sin(ω1t

k)∗
∗(−LA

RA
)(e

−RA
LA

tk+1

− 1)+

+{ e−λt sin(ω1t
k)

ω1
+

+[cos(ω1t
k)− λ

ω1
sin(ω1t

k)]e−λtk∗
∗(−LA

RA
)(e

−RA
LA

tk+1

− 1)}I0 k
A +

+{Ce−λtk [ λ
ω1

sin(ω1t
k) + cos(ω1t

k)−
−1]− e−λtkω2C

ω1
sin(ω1t

k)(−LA

RA
)∗

∗(e−
RA
LA

tk+1

− 1)}U0 k
C }

(38)

The joint solution of the equations (35)-(38) renders it
possible to receive the parameters of the limit cycles of the
load current, the inductor one, the capacitor voltage, and
the duration of the switch-on period as the functions of the
switch-off period. These very complicated equations could

be simplified, if we take into account that today the mod-
ulation frequency is very high, e.g. more than some ten
kHz. In this case the modulation period is very small and
the sinus function is equal to its argument, the cosine func-
tion is equal to one and the exponential function is equal to
the sum of one and its argument.

Using these assumptions and a new variabled - the duty
ratio of the switch S that is the switch-on time referred to
the switching period - it is possible to receive the simplified
equation system describing the limit cycle:

I0 k
A d+ (1− d)I0 k

L = 0, (39)

(u1/L)d− Cω2
2(1− d)U0 k

C = 0, (40)

−(1− d)CEn/LA − ω2
2(u1 − CEn)d/C−

−λI0 k
A d+ ω2

2Cω1U
0 k
C d = 0

, (41)

Cλ(u1 − CEn)d+ I0 k
A + CλU0 k

C d = iA z. (42)

5 PRACTICAL CONSIDERATIONS

5.1 Generation of the inductor current set point value

Charging a battery or driving a motor in torque modus
implies that the reference value is the load current and thus
leads to the reference value for the inductor current

I
∗
L = ILA · Uq

U1
. (43)

By including the resistors this reference value can be
calculated more exactly (feed-forward control) or it can be
calculated by an additional controller (feedback-control).

Controlling the speed of the motor affords an outer
speed loop which generates the reference value of the inner
current loop (the inner current loop controls the current of
the converter and only indirectly the current of the motor).

When using a solar generator (or other generators with
an optimal power point, like fuel cells, thermoelectric gen-
erators) as input source it is useful to control the input
power according to a maximum power point tracker or
a maximum power algorithm. Neglecting the losses the
power at the optimum point must be the same as the output
of the converter

U1,opt · I1,opt = Uq · ILA. (44)

For battery charging one gets the maximum load
(charging) current according to
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ILA,max =
U1,opt · I1,opt

Uq
, (45)

and therefore the reference value for the hysteresis con-
troller according to

I
∗
L = I1,opt

U1,opt + Uq

Uq
. (46)

HereU1 is the real input voltage andU1,opt the op-
timum input voltage according to the maximum power
point (the value is generated by the maximum power point
tracker). This reference value forces the system to the max-
imum input power.

5.2 Converter

The experimental results of the DC drive fed by the pro-
posed step-up-down converter by the duty ratios of 0,34,
0.5 and 0.66 are presented in Figures 9 - 11, correspond-
ingly. On these figures the horizontal time scale is 4µs/div.
The variables are (up to down) the switch control sig-
nal (generated by the arbitrary pulse generator or by the
modulator) (blue), the current through the machine (vio-
let and nearly constant), the current through the inductor
(turquoise and triangular shaped), and the voltage across
the active switch (green).

Fig. 9. Control signal of the active switched (blue), motor
current (violet), inductor current (turquoise) and voltage
across the active switch (green) by a duty ratio of 0.34

6 CONCLUSION

A novel step-up-down DC/DC converter is presented
and analyzed from the control viewpoint. An additional
simple LC-tank of the converter now makes it possible to
generate a mean voltage across the output (e.g. the motor
terminals), which value can not only be lower than the in-
put voltage, but also higher, too. This is especially useful,

Fig. 10. Control signal of the active switched (blue), motor
current (violet), inductor current (turquoise) and voltage
across the active switch (green) by a duty ratio of 0.5

Fig. 11. Control signal of the active switched (blue), motor
current (violet), inductor current (turquoise) and voltage
across the active switch (green) by a duty ratio of 0.66

when only low input voltages are available. The proposed
control solution is based on the voltage modulation. It is
shown that in such a switching system there is a limit cy-
cle that can be used for the open loop control design. The
preliminary experimental results that have been carried out
have confirmed the serviceability of such a control algo-
rithm. From the control point of view the time constants
are quite different: there is a large time constant caused by
the mechanical inertia and due to the armature inductivity,
a smaller, but still much higher one, compared to the time
constant generated by the converter. Cascade control with
a slow motion and a fast converter controller is therefore
useful. The open and close loop controls and the influence
of small parameter values of the converter will be studied
in the future. The promising research directions are the
design of a two quadrant DC-DC converter on the basis
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of this converter and also of a three-phase voltage source
inverter.
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