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Abstract

This paper presents a methodology for teaching the linearization process and non-linear behavior of
Power Electronic Converters (PECs) through the OpenModelica Software. The methodology is based on
a step-by-step approach consisting on the deduction of the large-signal and average models,
linearization of the average model, deduction and analysis of transfer functions, deduction of steady
state relationships and simulation with OpenModelica. The proposed teaching methodology is applied
over an ideal DC/DC Boost converter analyzing its behavior in different operation points.
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Resumen

Este articulo presenta una metodologia para ensefiar el proceso de linealizacién y el comportamiento
no lineal de los convertidores electréonicos de potencia mediante el software OpenModelica. La
metodologia se basa en un enfoque paso a paso que consiste en la deduccidn de los modelos de gran
sefial y promedio, la linealizaciéon del modelo promedio, la deduccién y el analisis de las funciones de
transferencia, la deduccién de las relaciones de estado estable y la simulaciéon con OpenModelica. La
metodologia de ensefianza propuesta se aplica sobre un convertidor DC/DC Boost ideal analizando su
comportamiento en diferentes puntos de operacién.

Palabras clave: Convertidores de electrénica de potencia, modelo de gran seiial, modelo promedio,
OpenModelica

1. Introduction

Non-linear systems are complex and their linearization process tends to be complicated (Bi, Z. and Xia, W., 2010).
Electrical and electronic engineering students usually have drawbacks to correctly understand and perform the
linearization of Power Electronic Converters PECs. For this reason, this paper presents an easy and
understandable methodology for performing the linearization process of PECs. Also, a step of the methodology
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for explaining the non-linear behavior of a PEC is included comparing the non-linear system with the linear one.
The linear system behavior fits well to the non-linear behavior in the operation point; nevertheless, their
differences are highlighted and explained.

PECs are inherently non-linear sine the differential equations that permits their modeling have, in some terms,
the product of inputs and outputs (Yang and Liao, 2019). Usually, in the differential equations, the control signal
is multiplied by any current or voltage of the system. So, the non-linearity is often introduced by the control
signal. Control signal function is used commutate the power switch between on and off positions, so the switch
is the PEC actuator and facilitates the operation of the PEC. Power switch permits the interchange of energy
among the passive elements (inductors and capacitors) and the transfer of energy between the power source
and the load (Mufioz-Galeano et al., 2019). Nevertheless, the commutation produces at least two commutation
states when working in continuous condition mode and more than two states when working in discontinuous
condition mode. This is the reason why converters feature a non-linear behavior and can be denominated as
converters of variable structure.

Several papers have dealt with the analyses of PEC (Chamas et al, 2004; Hinz H et al, 2018; Rukun, 2018). Most
of researchers in their analyses use any linearization technique and mainly focus on contributing in advanced
control techniques and controllability analyses (Beldjajev, and Roasto, 2012; Davoudi et al., 2013). So, they left
behind the process of linearization and the explanation of the non-linear behavior of the converter. This paper
describes in detail the process of linearization, the procedure in the deduction of equations and the basis of the
non-linear behavior for PECs; all of these within a comprehensible step-by-step methodology. This facilitates the
understanding of the non-linear behavior for PECs and the process of linearization (Raud Z., 2019). The proposed
methodology can be used for students of power electronics curses and affine, and for researches that want to
quickly obtain the information required for reading power electronic papers. For a better understanding, the
methodology is applied for a boost DC/DC converter while results are focused on a deep explanation for its non-
linear behavior. For the deduction of converter equations considering power losses, please consult (Mufioz-
Galeano et al., 2019). For the sizing and tuning of controllers for converters, please consult (Urrea-Quintero, et
al., 2018).

2. Proposed methodology for teaching the non-linear behavior of DC/DC converters

This paper describes a methodology to teach the non-linear behavior and linearized modeling of PECs. The
description is done for a DC/DC boost converter but can easily be applied to any other PEC. The aim of such
description is to illustrate the different concepts of a linearized model for the PEC using not only a theoretical
approach but also simulation to reinforce concepts. Special emphasis is done in identifying the differences
between operation point and small signal variables from a practical point of view, using simulation, which allows
identifying its implications on real PECs operation.

The proposed methodology includes the following steps: 1) Deduction of the large-signal model for the converter
using circuital laws. 2) Deduction of the average model. 3) Linearization of the average model. 4) Deduction of
transfer functions that depend on the operation point. 5) Analysis of transfer functions, using pole and zero
location to predict their responses. 6) Deduction of steady state relationships between the operation point
variables. 7) Simulations with OpenModelica software to validate the transfer functions and analyze the PECs
behavior in different operation points.

2.1. Step 1: Deduction of the Large-signal model

Large-signal model purpose is to obtain a set of differential equations that permits the description of the inherent
non-linear behavior of PECs. As stated before, the methodology is explained using the boost converter. Figure 1
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shows the schematic diagram of a boost converter. It is composed of an input voltage source'i"f:’, a capacitor

(C), an inductor (L), a load resistor (R), a diode (D) and a switching device (transistor) (Q). The switching device
is controlled through a squared signal, using any Pulse Width Modulation (PWM) technique.

Figure 1
DC/DC Boost converter schematic
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By using current and voltage conventions shown in fig. 1, it is possible to obtain the differential equations that

model the boost converter. The two states of the switch @ are modeled by using the y variable where 4 = 1and

u = Qare used to indicate that the switch is closed and open, respectively.

Applying Kirchhoff voltage and current laws for the circuit with Q open (u = 0), equations (1) and (2) are

obtained:
s (1)
L =v -
dt €
dve Vg (2)
a3

Appling Kirchhoff voltage and current laws for the circuit with @ closed (u = 1), equations (3) and (4) are

obtained:
di;
L — =1 (3)
at
c dve v (4)
dt R

Equations (1) to (4) can be resumed into equations (5) and (6) by considering both 1 values:

s (5)

L =viru+ (v —ve)(1—u)

dve Ve Ve (6)
=—— u+{i;—=)(1—-u)

dt R R
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Equations (5) and (6) conforms the Differential Equations System (DES) that models the converter and is the
starting point for obtaining the following linear models. This DES is named large-signal model because no
assumptions are made regarding the magnitude of voltages and currents. This model allows observing all

dynamics of PECs. The model is also called switched model since it includes the 1 signal in de equations. The u

signal is discrete because it is limited to only two possible values (0 and 1) and it is also a discontinuous signal
because its value changes instantaneously.

2.2. Step 2: Average model
The average model allows eliminating the fast dynamics using average values of system variables; it is used to

obtain nominal values or values where the system is stabilized in the operation point. The discontinuous nature

of the w signal affects voltages and currents of the converter. Inductor current (i;) cannot become discontinuous
because of the inductive effect that prevents sudden changes of this variable. An analog conclusion applies to

capacitor voltage (v ) due to the capacitive effect in which capacitor voltage cannot suddenly change. Instead,

any other variable of the converter can present discontinuities. This is especially true for the first derivative of
the inductor current (related to inductor voltage) and the first derivative of capacitor voltage (related to capacitor

current). That is, i; and v are continuous signals with discontinuous first derivatives (discontinuous slopes). In
steady state, the discontinuity of i; and v slopes can be visualized in signal ripple as shown in Figure 2.

Figure 2
Ripple of capacitor voltage output
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Model discontinuities make its numerical solutions difficult to calculate and the use of more CPU time. Also,
analytical solutions for a discontinuous model are difficult to deduce and analyze. In this sense, the average
model allows to simplify the system analysis and simulation (Zhang et al, 2016), by considering only the average
values of the variables and disregarding their ripples. It is equivalent to replace each variable with its Fourier
series and retain only its DC or average components (Qin H and Kimball J.W. (2011). By applying this procedure
to equations (5) and (6), the large-signal average model for the boost converter is obtained:

Cdliy)

L ) - ) + ) — (o] — () )
dt ’
C':(:L-‘C} (:L"C.) (o (i) (:L?C} - () (8)
dt = - R ,d) + .AL)— R W+ - A‘)_J
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Where (i, }.{v;}).{v.} and {u} represents the average values of the original variables. It is important to remark that

the (u} is not a discrete variable in contrast to u, being possible any value in the range [0,1], as shown in Figure
3.

Figure 3

PWM signal, comparing uand {u} variables

4 u <u>=(0.75
£k y

0 >

u>=0.50

JEN N I AN N N N

time

i u u>=0.25

1
1 - eean ao e or or or o b oG o o> o> e o
0 »

time

A\

2.3. Step 3: Average model linearization

Even after averaging, the differential equations system of equations (7) and (8) are still non-linear. A linearization
process is necessary to obtain a set of linear models, each of them being valid under certain operation conditions
of the converter.

Model linearization allows evaluating system behavior when variables experiment small changes near to a fixed
operation point, this is called small-signal model (Middlebrook, 1988). The following variables are defined:

{ug) = (u) — (O} (9)
{iyz) = i) — () (10)
{vig) = (v)) = (F) (11)
{vg) = (v) = (i) (12)

Were {(u),{i,),{v;).{v,) represent the actual values of the converter. (T}, {I;), (i} and (i} ) represent their
operation point fixed values and {uz}, {i z).{v;z ).{v ;) represent their small signal deviations.

A small-signal model can be used to predict the system behavior when variables change slightly from its
operation point. Such model can be obtained by using the Jacobian linearization (Urrea-Quintero, et al., 2018)
that correspond to the partial derivatives of the system to obtain linear relationships in the operation point
among all their variables.
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The Jacobian linearization starts from an expression of the form:

& Filx, x, 25,0 1) (13)
That expression can be linearly approximated as follows:

dx

a‘: N Axg+ Ayxy g + o+ Ap Xy (14)

Where:

af af af

A = 5.{’:2 .¥1=x;....¥n=7.;: ‘41 = af x=X. X1=x1_ ...x,:=7.,? e £ n (15)
o o 1

axn x=X, X1=y-;-"xr.=7'\'-:

In equations (13), (14) and (15); X represents the variable’s operation point and x s their slight deviations from
the operation point.

Linearization is applied to equation (7). First, equation (7) is rewritten, please see equation (16). Second, the
partial derivatives are calculated and evaluated in the operation point (equations (17), (18) and (19)). Finally, the
linearized expression is found in equation (20):

ali,) o e # ) = (e = )
— = f{v; ) v () = — L : (16)
at L
of w+(i-(w) 1 of 1 (17)
alv;) L L alylied=t feck=EL wi=ioh T
. = 18
af —(1 —{uh) af 1 - (I (18)
alv,) L T By Y= k=i fwi=io T T
C Cow = 19
af v = [y — (w)] af ) (19)
alu) L - a{vf') fgt=Arh, degh=h =iy = 77
dli,z) 1. . 1=y, . (), . 20
dfc = z (L’(é}) - L (.V“'j.) + 1 ‘.UE) ( )
Analogously, applying the linearization method to equation (8) yields:
dlveg) 1 1={n, ) (21)
dt =—E.V‘-5?+T(ih§ - c (HE,)

Remember that {17}, {I,), {i{}and (i} )are constants that depends only of the fixed operation point. Thus, equations

(20) and (21) form a linear differential equation system and it is possible to determine their transfer functions by
applying Laplace Transform.
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2.4. Step 4: Obtaining transfer functions

Transfer functions allows to known each output of the system given their inputs and are computed through the
linear model obtained in the previous step. Being equations (20) and (21) a linear differential equation system,
it is possible to use transfer function modeling for a convenient representation. Applying Laplace transform to
equations (20) and (21) yields:

1, 1=dy, . iy,
54 fL:'T)='7“"i£)- lvg!) + ; fug! (22)
. . (23)
) ) A 1 L Y
S{VCE")z —E(Lsfa)-{- c ":LE —_ C (“Jé‘,)

The Boost converter model has two input variables: Duty cycle and input voltage, and two outputs: Inductor
current and capacitor voltage. Thus, it is possible to obtain transfer functions from any of the inputs to any of
the outputs. This paper focuses on duty cycle input, obtaining transfer functions from duty to inductor current
and capacitor voltage. Thus, a constant input voltage must be assumed, that implies there are no deviations from
its operation point as stated in equation (24).

- - o (24)
() = constant = (¥} —= (v =0
Solving for {v.z}at equation (23) yields:
= = 25
@, . D), (25)
) ) C (I;_g.)— C {u;)
<-L’:z':'-) = 1
s +—
*TRC
And replacing equations (24) and (25) into equation (23) yields:
1 ('T-') 1—({7}{‘ }_@{“ '} (,1_',)
O S - A T (26)
s+ RC

Equation (26) shows the relationship between (u;}and {i,z) thus it can be rewritten in the form of a transfer
function, by doing sum of fractions, as shown in equation (27).

{7} 27)
() (TICs+ [+ -0
Hi(s) = - L!:'- T
lug LCs? +§s+ [1-{n]?

Analogously, it is possible to obtain the transfer function for capacitor voltage against duty cycle shown in
equation (28).
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o L — e 28
L lwgd —Ls + (1= (D)) (28)
HL-"\S..I — ( - } = -

Uz

LCs? + 55+ [1— (D))
It is worth to make some remarks about the above transfer functions: Note that both transfer functions are

second order, as expected for a circuit with two energy storage elements. Numerator and denominator

polynomial coefficients depend on the fixed operation point ({7}, (I, ) {T7)); by this, changing the operation point
will affect system zeros and poles and its dynamical response. In other words, there is not a single transfer
function that models the system behavior, but an infinity set of transfer functions which provide a good
approximation for a given operating point.

2.5. Step 5: Pole and Zero location analyses

Pole and Zero location analyses are applied over transfer functions which provide the basis for determining the
system response characteristics without solving the large-signal model. As it can be seen in equations (27) and

(28), the denominator polynomial is the same for Hi(s) and Hv(s). That implies that both transfer functions have

the same poles for a given operation point. Poles (P4, P5)can be calculated by using the quadratic equation:

7

L 12 —.
—= | 41 — {12
R + \JF 4LC [1 (b)] (29)
2LC

Pi,P: =

Note that pole location strongly depends on the (I} parameter. From equation (29) different type of poles (real
and different, real and equal, complex conjugate) can be obtained by varying the operation point. Table 1 is
obtained by discriminate analysis in equation (29) and resumes the possible pole types.

Table 1
Possible pole types
Real and different poles L —4LC[1—(D))? =0
Rz ST
Real and equal poles £ sLC[1— (D)2 =0
Rz A
Complex conjugate poles '“_ —4LC[1 = (D)2 < 0
R '

In the specific case of complex conjugate poles, their real and imaginary parts are shown in equation (30). Note
that the real part does not depend on the operation point ({I7}); but only on the resistor and capacitor values.

Instead, its imaginary part decreases as {7} increases. This is important due to the dependency of the transient
response parameters in complex pole locations, where its real part is related to stabilization time and its
imaginary part is related to oscillation pseudo-period.
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1, l' h-@F 1 (30)
2RC ‘Q LC 4R*C*
Zeros location are different for Hi(s)and Hv(s)functions. Equation (31) yields zero location for current
transfer function Hi(s), while equation (32) yields zero location for voltage transfer function Hu(s). In this
case, both zeros are strongly dependent on the operation point variables. Note that the zero of Hv(s)is

positive, this is indicative of a non-minimal phase behavior for Hv(s).

V) = e
;o T+<11‘)"‘1 —(DLI] (31)
o (7.)¢C
_ _ (32)
V1 - (@)
Z, = (V1 - ()]

(1)

&

2.6. Step 6: Steady state relationships

As stated before, the operation point mean values of ({i7},{i7) (I}} (T7)) are required for transfer function

deduction; however, not any combination of these values is valid because they must reflect a valid stabilization
point from the system.

In order to obtain expression for these mean values, equations (7) and (8) are evaluated in the operation point.
Also, its time derivatives are set equal to zero to seek for stabilization points. This yields equations (33) and (34):

0 = () (D) + L7 — (TN — (T (33)

, ) (34)
= =T+ [{T,) = —|- (1 = (TN
0=-— .bH-[.U R] (1= (TN

Rearranging equations (33) and (34):

. 35
- (77 (35)
)
. 36
{1,) e .
= R

In this case, equation (35) is the input voltage to output voltage relationship for a Boost converter in steady state.

For a given (¥])and ()it is possible to calculate all the steady state mean values.
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2.7. Step 7: OpenModelica Simulation

At this step, OpenModelica capabilities for multi-domain simulation are used to validate the models deduced in
previous steps (Murad et al., 2017; Reid, 2015). For this, two different models are implemented for the boost
converter: One based on electric components (schematic capture) and one based on the transfer functions which
correspond to equations (27) and (28).

Figure 4 shows the model built using electric components from OpenModelica ideal elements library. The Boost
topology is made of ideal diode, capacitor, inductor, resistor and voltage source. Also, the Vin_constant block
sets a fixed voltage of the Vin source and the PWM block generates the switching signal for the controlled voltage
switch.

Figure 4

Boost converter model for simulation, using electric components.
PYM
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o
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I N =
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The next considerations are necessary to simulate a small signal step change on duty cycle {(uz)near to a fixed
operation point (/) using the electric components model: First, the initial conditions of capacitor voltage and

inductor current must be set to (V-)and (I.), respectively (calculated using the {I7)value of equations (35) and
(36)) in order to simulate system stabilization in the operation point. Second, PWM duty cycle is set to

(w) = () + {uz} were (uz) corresponds to the height of the step change. Third, responses for capacitor voltage
and inductor current are registered.
Figure 5 shows the model built using transfer functions; these are indicated in blocks for capacitor voltage Hv(s)

(tf_Voltage) and inductor current Hi(s) (tf_Current). For a fixed operation point, the two transfer functions are
defined by using its polynomial coefficients (calculated with equations (27) and (28)). Also, there is a step signal

generator configured to generate a (u;) step height. Finally, the adder blocks in the outputs of the transfer
functions allow translating the small signal outputs ({v.z}). {i,z)) to the real voltage and current values (
(v ) = (v z) + (), (i) = lizz) + (IL). VOperationPoint and IOperationPoint are constant blocks representing (i )

and (I} respectively.
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A key concept for comparing transfer functions with electric model results is to remember which types of
variables are involved in each model. Transfer function involves averaged small-signal variables ({v_.z}. {i,z})

while the electric model involves full-signal variables (1, i;). An appropriate translation between these variables
is crucial for a successful comparison.

Figure 5
Small-signal boost converter models for simulation, using transfer functions.
step tf Voltage 25
addl
> b(s) e
|| a(s) >®>
startTime=0 s VOperationPoint —> +1
k=26.666
tf Current 25
add2
b(s
> (s) o
als) EOs
IOperationPeoint +
k=3.555

2.8. Summary of the proposed methodology

This section highlights the key aspects of the proposed methodology. The first step is the deduction of the large
signal model that permits to obtain the set of differential equations which model the PEC; in this step, all
dynamics of the PEC can be observed (fast and slow dynamics). The second step is the deduction of the average
model, average model disregards variables ripples and eliminates the fast dynamics; however, it is useful since
it allows knowing the nominal values where the system is stabilized. The third step consists on a Jacobian
linearization to obtain the small-signal model in a fixed operation point. The small-signal model can be used to
predict the system behavior for small changes of variables from its operation point. The fourth step consists on
getting the transfer functions which can be obtained if Laplace transform is applied over the small-signal model.
These functions are used to obtain each output of the system given their inputs. The fifth step is the pole and
zero location analyses which are applied over the transfer functions for obtaining the system responses. Pole
analysis is used to estimate the stabilization time and oscillation pseudo-period while zero analysis identifies if
any variable of the system has or not non-minimal phase behavior. The sixth step consists on establishing the
steady state behavior of the PEC for seeking stabilization points. For obtaining the steady state, derivatives in the
average model are equaled to zero and then the required mathematical manipulations are performed to obtain
steady state relationships. The seventh step implements through simulation the transfer function model (linear
model) and the model based on electric components (non-linear model), this step permits to compare between
the linear and non-linear models.
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3. Simulation results

A boost converter with the following specifications is considered: L=10 mH, C = 2000uF, R =101,

for = 10KHz and v; = 20V. The simulation was carried out using the default compiler and solver in
OpenModelica connection editor (OMEdit), version 3.2.2.

3.1. Exploring converter non-linearity

In this section, the electric components model described in section 2.7 is used to illustrate the non-linear nature
of the converter. For an ideal Linear Time Invariant system (LTI system) with zero initial conditions, if the input
signal is scaled, the output signal is also scaled by the same value; that is, the output waveform shape is

conserved and only its values are altered. Considering the duty cycle of the 11 signal as the input to the converter
(maintaining the input voltage unaltered), it is possible to evaluate this property.

Figure 6 shows the capacitor voltage for different duty cycles, assuming zero initial conditions. It is evident that
duty cycle value has a great impact on waveform shape. Note that response at 75% duty present less oscillations
before reaching its steady state compared against the 50% and 25% responses. This confirms that duty cycle
value has an enormous impact on transient response specifications of the converter. Being the duty cycle the
control action for the converter, this dependence creates additional challenges during control systems design,
sometimes being necessary the implementation of nonlinear control techniques. Note that this system does not
comply with the scaling property of a linear system, thus it can be classified as non-linear.

Figure 6

Large-signal responses for capacitor voltage.
Red: Duty cycle = 25%, Blue: Duty cycle = 50%, Green: Duty cycle = 75%
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3.2. Transfer functions and pole-zero analysis
Different operation points were considered to evaluate consistence between transfer functions and the
converter dynamics through simulation. Specifically, 25%, 50% and 75% duty cycle operation points ({I7)) were

used. For each point, {iZ)and ( I,)were calculated using equations (35) and (36) (remember, v; = (1_-';} = 207).

Also, the different transfer functions were calculated by using equations (27) and (28). Table 2 shows the
operating points and their corresponding transfer functions. As stated before, pole and zero locations depend
on the chosen operating point. Figure 7 shows the pole zero diagrams for the transfer functions of Table 2. It can
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be seen that pole locations are the same for capacitor voltage and inductor current functions for a given
operation point. Poles are complex conjugate at every operation point, their real part is constant but their
imaginary part decreases when the operation point duty cycle increases. This corresponds with the discussion of
section 2.5 and implies differences on the transient response of the converter when its duty cycle operating point

(U)is changed.

Table 2
Transfer functions for different operation points.
Duty Operating point Transfer Functions
. —0.0356s5 + 20
. Hv(s) = ———
(T) = 25% _
(1} =3.556 HiCe) — 005335 +53333
1= 20x107552 + 0.001s + 0.5625
Ho(s) —0.085 + 20
— PAS) = 50 10-6<2 A
~ (Vo) = 40 20x107"s5=+0.001s + 0.25

() = 50% _

(I)=8 _ 0.08s + 8

Hi(s) = —
2x107 %52+ 0.001s + 0.25
Ho(s) —0.325 + 20

_ ws) = AN—6.2 ]
(T) = 75% _

Iy =32 ) 0.165 + 16

Hi(s) =

20x107%s% + 0.001s + 0.0625
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Figure 7
Pole-zero diagrams for transfer functions of Table 2
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Also note that voltage transfer function has a positive real zero for all operation points. This zero configures a
non-minimal phase system (Qui et al, 1993). If a positive step input is applied to this system, the output variable
tends to become negative, before changing direction and searching its positive stabilization point. This
“undershot” affects the controller action, being necessary to consider it during controller selection and design
(Villaroel et al, 2019, Cajamarca et al, 2019, Siddhartha et al, 2019). Instead, the current transfer function has a
negative real zero and its position does not depend of the operating point.
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3.2. Comparison between transfer function and converter responses

Figures 8 to 10 show the comparison results using the transfer functions and operation points calculated in Table

2, using the methodology described in section 2.7. A step height {uz} = 0.01 = 1% is assumed for all simulations:

Figure 8

Voltage and current responses for 25% of duty cycle,
red: electric model, blue: transfer function.
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Figure 9

Voltage and current responses for 50% of duty cycle,

red: electric model, blue: transfer function.
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Figure 10
Voltage and current responses for 75% of duty cycle,
red: electric model, blue: transfer function.
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An evident difference between the transfer function and the electric model responses is the signal ripple. It is
absent on transfer functions responses. Note that transfer functions were deduced by taking as basis the average
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model described in section 2.2, this is why they do not include commutation ripple. However, it can be seen that
transfer functions are good approximations for converter behavior considering both transient response and
steady state value. These validate the linearization procedure proposed in this paper.

It is worth to mention that there are significant changes in the converter response when the operation point is
changed. All responses are under-damped and have equal stabilization times; however, their pseudo-periods are
different, please see Table 3. This is congruent with the pole analysis described before where the real part of the
poles (associated to stabilization time) is not affected by the operation point but the imaginary one (associated

to pseudo-frequency) is decreased as duty cycle operation point increases. Pseudo periods (T,;) and stabilization

times (T,) where indicated at figures 8 to 10.

Table 3
Transient response metrics for capacitor voltage signals.
(U) = 25% (U) = 50% (U)y = 75%
37.89ms 57.67ms 125.67ms
Pseudo-period (T)
200ms 200ms 200ms
Stabilization time (T7)

The non-minimal phase characteristic of voltage transfer function can be observed in figures 8 to 10. Note that
the step input is positive for all cases, but the voltage output initially decreases before inverting its tendency and
starting to increase (due to the positive zero on the transfer function). This effect is more evident in high duty
cycle operation points (figure 10). In this case, the current responses do not show this effect, as expected by not
having a positive zero.

It is interesting to explore how the errors between transfer functions and electrical model responses grow when
the input step becomes larger. Figure 11 shows output voltage responses at a fixed operation point of

(U) = 25%and changing the step height (ug)=0.5%,1% ,2%. It can be observed that at (u5) = 0.5% (blue
signal for transfer function and red signal for electric model) and (uz)= 1% (light blue signal for transfer
function and violet signal for electric model) there is a good match between the transfer function and the electric

model. However, in (uz)= 2% (black signal for transfer function and light green signal for electric model)

differences become evident for transfer function response: in the transient state there is a shorter pseudo-
period, and its steady state value is slightly low. It is indicative of how transfer function approximation worsens
as the deviation from operation point increases.
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Figure 11
(U) = 25% uz)= 0.5%
Different capacitor voltage step responses for ) ?and: (ug) 0(red: electric model, blue transfer
) uz)=1%, . . . . uz)= 2%, .
function), (us) 0 (violet: electric model, light blue transfer function) and (ug) e (light green: electric model,
black: transfer function).
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The last analysis can be repeated in a different operation point. Figure 12 shows the results for (I} = 75%using
the same step heights ( (uz) = 0.5%,1% ,2% ) and signal colors from figure 11. In this operation point, it is
more evident the voltage error for (uz) = 2%, during its transient and steady states. Instead, in (uz) = 0.5%

and 19, there is a good approximation between transfer function and electric model responses. Note that the

range of (u;)that allows a good approximation depends on the operation point.

https://www.revistaespacios.com 197



Revista ESPACIOS. ISSN: 0798-1015 41(23)2020

Figure 12
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Different capacitor voltage step responses for (red: electric model, blue transfer
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4. Conclusions

PECs are non-linear systems that can be approximated by a set of transfer functions which depend on the
operation point. In this paper, a step-by-step methodology of the linearization process of a PEC is presented and
validated by using simulation. Results clearly show the non-linear behavior of the DC/DC Boost converter, the
following aspects are highlighted: 1) Duty cycle value has a great impact on waveform shape; if duty cycle is
increased, the waveform has less oscillations before reaching its steady state. 2) Poles are equal for both voltage
and current transfer functions. For the converter taken into consideration, poles are complex conjugate for each
operation point; their real part is constant for different operation points so that stabilization times remain
constant not depending on the operation point. The imaginary part decreases when the operation point duty
cycle increases which also increases the oscillation pseudo-period. 3) Voltage transfer function has a positive real
zero with exhibits the non-minimal phase behavior. When duty is increased, the positive real zero decreases
which implies that the non-minimal phase behavior is more evident. 4) It was found that as the deviation from
the operation point increases, the transfer function approximation worsens. Also, the range of deviation depends
on the operation point, for the same deviation, as duty increases the error between the transfer function and
the electric model responses also increases.
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