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1. Introduction

Renewable energy generation systems bring the promise of providing green energy which
is highly desirable for decreasing global warming. Therefore, renewable energy systems are
gaining attention among researchers.

In terms of power electronics, several challenges are emerging with the advent of the green
energy generation systems. The first issue is that renewable energy power sources such as
Photo-Voltaic PV panels, fuel cells and some wind turbine generators provide a low level
dc voltage. This voltage must be boosted and then inverted in order to be connected to the
grid. Since the level of the output voltage of these power sources depends on the weather
conditions, there should be a method to control the generated voltage.

Other types of green energy power sources such as AC machine based wind generators
provide a low level ac voltage with amplitude and frequency depending on the wind speed. A
common method to deal with the generated ac voltaje is to rectify it, then a DC-DC converter
is used to boost it. Once the boosted DC voltage is controlled, it may feed an electric load
under some operating range or it may be inverted for connecting it to the grid.

This is a scenario of increased interest in DC-DC converters with high conversion ratios.
Several converters have been proposed R. D. Middlebrook (1988), D. Maksimovic et al. (1991),
B. Axelrod et al. (2008), Zhou Dongyan (1999), Leyva-Ramos J (et al 2009), however all of them
are complex compared with conventional single-switch converters. Some desirable features
of those converters are a high conversion ratio without the use of extreme duty cycles and
a transformer-less topology that allows the use of high switching frequency providing high
efficiency.

One of the recently proposed converters is the multiplier boost converter (MBC) which is
also known as multilevel boost converter Rosas-Caro J.C. et al (2010), Rosas-Caro J.C. et al
(2008), Rosas-Caro J.C. et al (2008), Mayo-Maldonado J.C. et al (2010). This topology combines
the traditional single-switch boost converter with a Cockcroft-Walton voltage multiplier.
Fig. 1 shows the Nx DC-DC Multiplier Boost Converter (Nx MBC). The nomenclature
Nx is associated with the number of capacitors at the output of the converter. The main
advantages of the MBC are (i) high voltage gain without the use of extreme duty cycles and
transformer-less, (ii) self balancing, in other words the multiplier converter maintains the
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voltage of the capacitors at the output equal to each other, (iii) the structure is very simple
and only one switch is required.
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Fig. 1. Electrical diagram of the Nx Multiplier Boost Converter.

There are several contributions in this paper. Since the MBC is a recently proposed topology
its dynamic behavior has not been studied deeply. We propose both a full order nonlinear
dynamic model and a reduced order nonlinear dynamic model for the MBC. In addition, a
new controller for the MBC is obtained by utilizing the differential geometry theory, A. Isidori
(1995). In particular, input-output feedback linearization is employed to control the inductor
current. In our approach, the output voltage is indirectly controlled by defining a reference for
the inductor current. The controller is derived by using the proposed reduced order model.
The stability of the zero dynamics of the closed loop system is analyzed. Experimental results
of the closed loop implementation are also presented.

Previous works present different models for other boost converters. In Morales-Saldana J.A.
et al (2007), authors propose both nonlinear and average linear models for a quadratic boost
converter. In Bo Yin et al. (2009), authors propose a single-input-single-output model for an
AC-DC boost converter; the model is similar to the model of the conventional DC-DC boost
converter.

Different control techniques for power electronics devices can be found in the literature. In
Hebertt Sira-Ramirez et al. (2006), a wide series of control techniques are presented for well
known power electronics converters, including the conventional DC-DC boost converter. In
Leyva-Ramos ] (et al 2009), authors present experimental results of the implementation of a
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current-mode control for the quadratic boost converter. In Gensior A. et al. (2009), authors
present some current controllers for three-phase boost rectifiers.

2. Modeling of the DC-DC Multiplier Boost Converter

In this section we will be presenting both the full order nonlinear dynamic model and a
reduced order nonlinear dynamic model for the MBC. The proposed models are obtained from
the equivalent circuits depending on the commutation states of the converter. The derived
reduced order model is able to define an approximate dynamics for the MBC containing any
number of levels without modifying the order of the dynamic model. This feature provides
several advantages for control design and implementation.

2.1 Full order modeling

Let us consider the electrical diagram in Fig. 2 that depicts a 2x MBC. This converter has 2
capacitors at the output (C; and C;). For this particular converter the number N is equal to 2.
In this section V3 is a notation related to a voltage across a capacitor that is not at the output
of the MBC. In addition, let us define an input u = {1,0} associated with the commutation
states of the switch.

+
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Y
EJ_ - ) —V

T

Fig. 2. Electrical diagram for a 2x DC-DC Multiplier Boost Converter.

—

Figure 3 shows the equivalent circuit for a 2x MBC when the switch is closed, this is u = 1.
Equations (1)-(4) represent the dynamics related to the inductor and the N + 1 capacitors of a
2x MBC when the switch is closed.

Zi= 1k (1)
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Fig. 3. Equivalent circuit for a 2x DC-DC Multiplier Boost Converter when the switch is
closed.

In equation (2) and (4), function Aq(t) represents a very fast transient that occurs when
capacitors C; and Cz are connected in parallel (see Fig. 3). Function Aq(t) is given by the
following equation

Vi—Vs
M(t) = ReCy
where R is a very small resistance. If it is assumed that the resistances of the diodes and
capacitors are neglected then the value of R tends to be zero.
As voltages across capacitors C; and Cj tend to be equal, the function A (f) approximates to
zero. Therefore, A1(t) defines the dynamics in which Cs3 obtains energy from C; when the
switch is closed. The rest of the terms of the state equations (1)-(4) produce slower transients.
Figure 4 shows the equivalent circuit when the switch is opened, this is u = 0.

Fig. 4. Equivalent circuit for a 2x DC-DC Multiplier Boost Converter when the switch is
opened.

Equations (5)-(8) represent the dynamics of the converter when the switch is opened.
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i, v o1
Zi=—2 4+ E 5)
d i 1 1
= C—l_ﬁvl_cl—RVZ (6)
d 1 1
V="V — —— Vo + Ayt 7
d 1 1

%VB _ (Cq +C3)RV1 (Cq +C3)RV2 Aa(t) ®
State equations associated with the voltages across capacitors C, and C3 have a term denoted
by Ay (t). This function defines a transient similar to the one defined by Aq (#) when capacitors
Cy and C3 were connected in parallel. The function A; () can be expressed as

oty = 2
G%-3

Therefore, when the switch is closed, C3 obtains energy from Cj, this task is represented
by A1(t). On the other hand, when the switch is opened, C; transfers energy to Cp, this is
represented by A, (t). It is possible to conclude that capacitor C3 works as the circuital vehicle
that transports energy from capacitor C; to capacitor C;. In general, there are always N — 1
capacitors transferring energy to the capacitors at the output. Let us consider the inductor
current as the output of the dynamic system, this is

h(x)=[1000] [y V, v5]" =i (9)

The selection of this variable as an output will be explained as the controller is derived in
Section 3. The full order nonlinear dynamic model is composed by state equations (1)-(8) and
the output equation in (9). When more levels are added to the circuit (see Fig. 1), the number
of equations increases as well, however the system has always the same circuital structure.
It is clear that the dimension of the state space increases when more capacitors are added.
However, it is possible to make use of the voltage balancing feature of the MBC and obtain a
reduced order model. This model should be able to approximate the dynamics of the system
having any number of levels..

2.2 Reduced order modeling

For the purpose of reducing the order of the system, let us consider Fig. 5 and Fig.6 They
depict the equivalent circuits for a 2x MBC when u = 1, and u = 0. They correspond to Fig. 3
and Fig. 4, respectively.

By employing basic principles and setting C = C; = C, = C3, the equivalent capacitors
become Ceqn = 2C and Cepp = C. In addition, the voltage across each capacitor at the output
will be considered as the output voltage divided by the number of levels at the output (V/N).
This assumption is supported by the voltage balancing feature of the MBC which was firstly
presented in Rosas-Caro J.C. et al (2008). In Mayo-Maldonado J.C. et al (2010), an example of
the dynamic traces of the capacitors at the output is presented. In terms of equations we have

|4

where V denotes the output voltage. If there is any number of levels we may write
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Fig. 5. Equivalent Circuit with u=1 and equivalent capacitances for the 2x MBC.
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Fig. 6. Equivalent Circuit with u=0 and equivalent capacitances for the 2x MBC.
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1=V =V W=y (11)
Employing the equivalent circuit shown in Fig. 5 and using equation (11) the dynamics for

inductor current and the output voltage can be written as

d .
LEZ =E (12)
d N
Ceqlav = _EV (13)

It is clear that expressions (12)-(13) are valid when the switch is closed. On the other hand,
based on the equivalent circuit in Fig. 6 and using equation (11), the dynamics of the system
is defined as

L%i:—%+£ (14)
d . N
ngzavzl—iv (15)
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Equations (14)-(15) are valid when the switch is opened. Expressions (12)-(15) may be written
into a more compact form that is valid for both commutation states u = {1,0}. This is

d . 1%
Loi=—(1—u)g +E (16)
d . N
[Ceqrut + (1—u)Ceq2]EV: (1—u)i— iV (17)

Average models are frequently employed for defining average feedback control laws in power
electronics converters, Hebertt Sira-Ramirez et al. (2006). These models represent average
currents and voltages. From equations (16) and (17) and considering u,, as the average input,
we may write

d. 1%
d . N

R
where the average input denoted by 1,y is actually the duty cycle of the switch. Let us denote
the inductor current i as x1, the output voltage V as xy and Cegttan + (1 — tap)Cego as C(t).

This capacitance denoted by C(t) may be considered as a time-varying parameter. Equations
(18) and (19) now become

__n.
d Nx
C(t)axz = X1 — X1lUgo — Tz (21)

Using equations (20) and (21) and employing the inductor current as the output to be
controlled, the reduced order nonlinear dynamic model for the MBC may be expressed as

d
FTR f(x) +g(x)uaw

y = h(x) (22)

where

_Xx 4 E X
flx) = [ ML ] g(x) = {_NL]

C(H ~ RC(t) Cx(lt)

il
=

h(x) = x1;x =[x xz]T

Equation (22) represents the reduced order average nonlinear dynamic model for the Nx MBC
containing an arbitrary number of levels. Figures 7 and 8 show the comparison between the
full order model and the reduced order model. These simulations are performed for the 2x
MBC. The simulation of the full order model is carried out using the Synopsys Saber software
and employing the electrical diagram of the 2x MBC, while the simulation of the reduced order
model is obtained by using the MATLAB software to solve equation (22). The parameters
involved in this simulation are L = 250 yH, C = C; = Cp = C3 =220 uF, N = 2, E = 40 volts,
R =500, and u,;, = 0.6.
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Fig. 7. Comparison between the reduced order average model and the full order model for
the 2x MBC.
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Fig. 8. Comparison between the reduced order average model and the full order model for
the 2x MBC.

3. Control law

In this section, a controller based on the input-output feedback linearization theory, A. Isidori
(1995), is defined for a MBC having an arbitrary number of levels N. This controller is
derived by utilizing the reduced order model in (22) . Employing the input-output feedback
linearization technique, the following input can be considered

1

LgL;—lh(x)

Ugy =

[—Lth(x) + o]
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Where r is the relative degree of the system, A. Isidori (1995), and it is obtained from

Th(x) =0;i=1,2,...,r — 1.

LgL}

LgL;*lh(x) #0
since
Leh(x) = 2 o) = [1 0] [ N, ] S

system in (22) has a relative degree equal to 1 providing that x, # 0. Therefore, the input may
be written as, A. Isidori (1995),

v— Lch(x)
_ f
Ugy = —Lgh(x) (23)
where

Lh(x) = a;g(xx) f@) =-17+ 1

Loh(x) = H g = 2

By substituting the input (23) into (22), the state equation corresponding to the inductor
current xq is transformed into a linear form, this is

d
Exl =0 (24)

In addition, parametric uncertainty will be addressed by using an integrator, this is

d .
Exl = X1 = Lyef (25)
Then, a standard state feedback for the linear subsystem composed by (24)-(25) is defined as

follow

0= —k1XI T k2X1 (26)

In this particular case, the poles of the linear subsystem were proposed by considering a
desired time constant for the closed loop system. The proposed poles are

517 = [—1500 —1501]

Employing the pole placement technique, Hebertt Sira-Ramirez et al. (2006), the following
gains are calculated

[k1 ko] = [2.2515x10° 3001)]

It is clear that the stability of the equilibrium point associated with the subsystem defined by
(24) and (25) is guaranteed by selecting adequate gains of the standard linear state feedback
in (26). On the other hand, the stability of the equilibrium point of the subsystem defined
by the second state equation in (22) may be verified by analyzing the zero dynamics of that
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subsystem, A. Isidori (1995). In order to analyze the zero dynamics, let us assume that v = 0
and x1(0) = iref = 0. Under these conditions, it is clear that x1 (f) = 0 for all ¢. The input uz,
can be rewritten now as

_ _f _ NL T
uav - Lgh(X) - % (27)

Considering x1 () = 0 and using (27), the second equation in (22) now becomes

d . N X2

a2 T TRC) 28)
Let us consider the following Lyapunov function

1
V(xp) = Ex%
its derivative is given by
. . N X2 . N x%
Vi) = |~ | =~z

On the other hand, substituting C,41 and Cep into the expression for C(t), we obtain

C(t) = Ciugy + C

From a practical standpoint, the duty cycle is defined in the range (0,1). Thisis 0 < ug, < 1.
Therefore C(t) > 0. Since parameters N, R and C(t) are strictly positive, the derivative V(x)
is negative definite. Therefore the zero dynamics of the MBC is stable at x; = i .

4. Experimental results

As it was established earlier, the output voltage is indirectly controlled by defining a reference
for the inductor current in terms of the desired output voltage. The expression that relates
both variables is derived by carrying out a steady state analysis of the dynamic model in (22),
ie.
Vi
lref = RE
where V. denotes the desired output voltage.
The implementation of the control law is carried out by employing RTAI-Lab, R. Bucher et al.
(2008), as a Linux based real-time platform and a NI PCI-6024E data acquisition board. Fig. 9
depicts the Linux-based real time program of the implemented controller.
The parameters involved in the implementation are: L = 250uH, C = C; = C; = C3 =
2222uF, N =2, E =30 volts, R =230 and Vref = 150 volts.
Figure 10 shows the experimental and simulated traces of the output voltage. It is important to
note that since power losses in some electronic devices (diodes, transistor) are not included in
the model defined by (22), the actual experimental measured output voltage is slightly smaller
than the desired one.
Another experiment was designed for the purpose of showing a DC-DC multiplier boost
converter in a wind energy generation system. Figure 11 shows the diagram of the wind
energy conversion system. In this case, we consider a resistance as an electric load that is

(29)
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Fig. 9. Real time program of the implemented controller in RTAI-Lab.
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Fig. 10. Transient traces of the experimental measured and simulated model-based output

voltage.

fed with a constant DC voltage. A variable speed wind turbine which is directly coupled to
a permament magnet synchronous generator is employed. As the wind speed changes, the
generator speed changes as well. The result is a variable amplitude and variable frequency
output voltage. In order to deal with this situation, the AC voltage is rectified by employing
a standard uncontrolled AC-DC converter. Then, for the purpose of providing a constant
DC voltage at the load terminals, a Nx MBC is included. It is important to note that this
application works for a particular operation range. In other words, if the wind speed reaches
very low or very high levels, the wind turbine may show an unstable behavior. In order to
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avoid this situation, the electric load that is depicted in Fig. 11 may be replaced by a grid
connected inverter. A feature of the grid connected inverter is that the energy extracted from
the wind energy generation system can be defined depending on the wind speed.

Load

PMSG

i

U

Fig. 11. Wind Energy Conversion System.

In the previous test the input voltage E is constant. In this new test, the input voltage E is
varied as it is shown in Fig. 12. According to expression (29) the set point for the inductor
current i,,s is calculated (in real time) as the input voltage E is varied. Figure 13 shows
the experimental measured inductor current. The resulting experimental measured output
voltage is depicted in Figure 14.
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Fig. 12. Experimental input voltage E.

5. Conclusions

This work presents the state space modeling of a DC-DC Multiplier Boost Converter. Full
and reduced order nonlinear models for the Nx MBC are proposed. A second order model
is able to define an approximate dynamics for the Nx MBC having any number of levels. A
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Fig. 13. Experimental inductor current when variations of the input voltage appear.
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Fig. 14. Experimental measured output voltage when variations of the input voltage appear.

good agreement is obtained when comparing the full order and the reduced order models.
In addition, the output voltage is indirectly controlled by using a control law based on the
input-output feedback linearization technique. The controller is derived using the reduced
order model of the Nx MBC. Excellent experimental results are shown for a 2x MBC. In future
works, a controller for the Nx MBC having higher number of levels will be implemented by
using the reduced order model derived in this paper.
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