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Abstract

The design of controller based on simplified models can lead to difference between expected and practical
results or even instability of the converter. Therefore, obtaining an accurate model is of great importance. In this
paper, firstly, the accurate model of non-inverting buck boost converter by considering all parasitic components
is obtained. Then, two Pl and Type 3 controllers are designed based on accurate model. Afterwards, the
performance of these controllers is compared with controllers designed based on a simplified model. All tests
are carried out on a prototype of a non-inverting buck boost connected a photovoltaic module. The obtained
results show the controllers designed based on accurate model have superior performance in comparison with
controllers designed based on simplified model. In addition, the bode diagram obtained based on analog method
in PSIM software and the one obtained based on transfer function of accurate model confirm the accuracy of the
derived model.

Keywords: Non-inverting buck boost; small signal model; photovoltaic systems; state space model.
1. Introduction

Extensive use of dc-dc power converters in many of industrial applications from one side, and considerable
attention to their performance from another side, makes them to an attractive topic in power electronics [1-11].
In many applications of dc-dc power converters, usually a wide range of operation for input and output voltages
is required. For instance, the output voltage of a photovoltaic module can be variable in according to
temperature or sun angle, hence, if a certain output voltage is required, a converter that is able to increase or
decrease of its input voltage is necessary [12-15]. Due to the ability of non-inverting buck boost converters to
work in buck, boost and buck-boost modes, this goal can be fulfilled. Figure 1 depicts a non-inverting buck
boost fed by a photovoltaic module. In addition, simple structure, low stress on switches and positive polarity of

output voltage make this converter a suitable choice for this application [16,17-26].
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Figure 1: Non-inverting buck boost connected to a PV and in presence of control system

To study the converter characteristic, the first step is to obtain the system model for each of its operation modes.
A conventional solution to obtain the dynamic model of the system is state space averaging model [16,27,28]. In
[29], linearized state space models for buck, boost and non-inverting buck boost converters have been presented.
Although huge efforts have been conducted to apply non-linear methods to control non-linear converters in
recent years [30], owning to simplicity and generality of control method based on linearized state space models
could maintain their popularity. In [31], a large signal transient model for dc-dc converter has been proposed. In
addition, average state space model of conventional buck-boost converter in presence of all parasitic

components has been presented in [32].

Under boost mode operation, the converter has non-minimum phase performance and as a result, in absence of a
closed loop controller, the system is unstable. Therefore, the design of a closed loop controller is of great

importance.

In the previously reported model for non-inverting buck-boost converters, only the effect of equivalent series
resistance (ESR) of capacitor has been considered. In this paper, the complete model of the converter, with
considering all parasitic components of the circuit is proposed and a general transfer function for buck and boost
mode is derived. To show the accuracy of the proposed model, a 45 w PV module is used as input voltage
source of the converter. The performance of the Pl and Type3 controllers designed based on the accurate model
of the system is compared with the same controllers’ performance just designed based on simplified model of
the converter. The obtained results of the performance of the converter in presence of different controllers and

under a step change in the output power of the PV modules are provided.
2. Linearized Average State Space Modle

A non-inverting buck boost converter is a combination of buck and boost converters. It consists of two switches
and has only one inductor and one capacitor. To achieve a desired performance, having an accurate model of the
converter is necessary. To obtain accurate state space model of non-inverting buck boost converter, firstly, the

switching strategy for two switches should be determined. In this converter, if both switches are controller with
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the same duty cycle and constant switching frequency, the similar performance as the buck-boost converter is
achieved. If the switches work with constant switching frequency but with different duty cycles, the operation
will be different. Consider S, is continuously off during a control period, while S; turns on and off. Under this
condition, buck operation will be yielded. When S, is always on and S, is switching, the converter works on
boost mode. Due to high losses of working in buck-boost mode in comparison with buck and boost modes, this
operation mode is avoided. Table 1 summarizes the switching state when the converter works on each of its
operation mode. Now, after determination of the operation states of the converter, small signal transfer function

of the converter can be derived as the following.

In buck operation and only by considering equivalent resistance of the capacitor (R.), small signal transfer

function of control input (& ) and disturbance source (VAin ) to output voltage (\fo) can be obtained as follows

[29].
" (1+RCs) _ -~ (1+R.Cs)
jo= Vv, 1
Vo . S 1 d+ , S 1" @)
S"+——+—— +—t+—
RC LC RC LC
To work in boost mode, small signal transfer function is as follows
I (V. 1-D
C/1‘[LI-SJ(1+RCCS) M(lJrRCCS)
vV = L n LC 0 (2)
° s (1D’ s (D) "
SZ+7+ 2 sz 2 2

+ +
RC LC RC LC

In the above equations, R, C and L are resistor, capacitor and inductor values in the converter. D, and D, are
duty cycles of S; and S, in the steady states. In addition, 1, denotes the inductor current and Vj, shows input

voltage in the steady state. The quantities with “~” are small variation around steady state operating point.

Table 1: Switching Table

Operation Mode S S,
Buck Switching Off
Boost On Switching

Buck-Boost Switching  Switching

Table 2: Simulation and Experimental Parameters

Vi, 14-18V
Vo 16V
f, 50 kHz
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Figure 2: PWM generations of switches in non-inverting buck boost

3. Converter Transfer Fucntion Analysis
4.Frequency Domain Analysis

A conventional method to analysis the stability of a system is the analysis the frequency response of the system
using its bode diagram [33].

Figure 4 shows the bode diagram of control signal (duty cycle) to output voltage for buck and boost operation
mode when parameters presented in Table 2 is used. As it can be seen from Figure 4, although stability margins
in the buck mode is appropriate, the phase and gain margin in the boost mode is negative and therefore system is
unstable. Therefore, a controller should be designed based on the worst case, i.e. boost mode operation. As it
can be seen from (2), a right half plan zero exists in the transfer function and its value depends on inductance

value, inductance current and input voltage.

The right half plan zero (RHPZ) in the transfer function of a system adds negative phase to the system and

consequently, causes some limitation in bandwidth selection in process of design a linear controller.

The physical effect of RHPZ has been shown in [34]. It has been demonstrated that RHPZ causes underdamp
and therefore oscillation in the output voltage of the system. According to Figure 1, firstly, the output voltage is
measured and then, it is compared with the reference and its error is fed to the controller. Figure 2 depicts the
switches gate signal generation in according to output signal of the controller. As it can be observed, the

switches’ state is determined by comparing the triangle carrier waveform with output of the controller. In this
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figure, Vi, and V| ; are maximum and minimum voltages of carrier waveform in buck mode, respectively, and

Vi, and V|, are similar quantities in the boost mode. G1 and G2 are gate signals of S; and S,, respectively.
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Figure 3: Equivalent circuit of the non-inverting buck boost converter with parasitic element (a) buck mode
when switch is on (b) buck mode when switch is off (c) boost mode when switch is on (d) boost mode when

switch is off
5. Controller Design and Selection

The most serious problems of open loop operation of non-inverting buck-boost converter are: (1) negative phase
and gain margins in boost mode, which leads to instability (2) system is zero type (given the zero slop of gain
diagram in low frequencies) that leads to steady state error. Hence, the employed controller in the closed loop
system should be able to deal with these issues. Pl and Type3 controllers are two conventional linear controller
to control of dc-dc converters [35,37-40]. The following expressions show transfer functions of Pl and Type3

controllers
K.
Cl(s)=Kp+T' 3)

Ks?+K,s +K,
s(Ks?+Ks+K,)

C2(s) = (4)

The zero pole of these controllers provide high gain in low order frequencies and this issue can eliminate the
steady state error and improve the phase margin.

6. Complete Model of Non-Inverting Buck Boost

a. Complete Transfer Function

The complete model of the converter is developed based on the equivalent circuit of the converter in different
operation modes. Figure 3 shows the equivalent circuits of the converter. In this figure, RL is equivalent resistor
of the inductor, Rp and Rs denote turn on resistor of the diode and switches, respectively.

In according to the importance of controller design and stability analysis of the converter in the boost mode,
only the complete model of the converter in the boost mode is discussed in this section. It is noteworthy that in

the buck mode similar results can be obtained. In the boost mode, according to Figure 3 (c), the state space
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equations can be expressed as

Bode Diagram
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Figure 4: Diagram bode of simplified and accurage models (a) buck mode (b) boost mode

X =AXx+Bu i
X = U =v,,y =v, (5)
y =C,x +Du Ve
_—(ZRS +RL) 0_ % 0
Al= L |B:L= 1]
0 -t 0 R 6
L A A ©)
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in which, A=R,C+R_.C and the following assumptions are made to simplify the calculation
Rsi1=Rs, =Rs, Rpi=Rp, =Ry (7).
When switch is on (see Figure 3 (d)), the state space equation is as follows

- B
{x A,x+B,u ®
y =C,x+D,u
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Eventually, to obtain the average model in the boost mode, the equations corresponding to on-time and off-time

of switch are combined as follows

__(RS +R, +Rp +CRCR0) (CRC _i)
A = L AL LA L
2 = ’
Ry -t
L A A
[1 CR¢R,
B,=|- % |, ©)
0o
L A
CR? CR, CR;
sz_Ro— A n },DZ:{O —Ro}
Xp = ALX+Bu (10)
Yo, =Cox+D,u
Ao =Ad+A(1-d)
B, =B,d+B,(1-d) (11)

C,=Cd+C,(1-d)
D, =D,d +D,(1—d)

To obtain the state variable X around operating point, the following equations is used
X=AX+Bu=0= X =-A'B,U (12)

To derive the linear transfer function of the system in the boost mode, the above nonlinear equations should be
linearized around operating point. To this end, state variable and system inputs are considered as a constant term

(DC) and a term showing the small variation around operating point. So,

X(t) =X +X
d(t):D+? (13)
u@)=U+a

v, (t) =V, +V,

By substituting (13) into (10),

(14)

X +%=A%+B,0+[A,X +B,U]d+X
V, +V, =C,%+ D0 +[C,X +D,U]d +V,

where,
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A, =A-A
B, =B,—-B, (15)
C,=C, -G,
D, =D,-D,

As a result, the output voltage variations can be expressed as

\70 :[CP(SI _&)71(A2X +812U)+ (16)
(C,X + D U) d +(C,(SI - A) "B, +D,) i
Since d is the only control signal for the converter, the transfer function of output to control signal for the

boost mode is as

Casi+a,sta

v
G(s)=—== 17
®) d Dbs*+b,s+b )

in which,

a, =-V,CLR.D",a, =-V, L

a =V, (R,D?-R),b,=CL(R,D*+R, +R))

b, =CR.R,(-3DD’+1) + (18)
CR,D'(R,D'?+R, +R D)+ LD"

b, =2R,(-3DD'+1)—-4R D+2R,_+R D"

Also, D'=1-D and

:(Vo _Vin+RS+RD+RL)IL (19)
(Rs IL _Vo - RDIL)
In the above equations, 1, can be replaced by (12). To simplify the final transfer function, with an acceptable

approximation, the terms with low order have been neglected.

The same procedure can be repeated for the buck mode. The transfer function of buck mode is as follows

G(S)z\/‘_gzaSsz+azs +a,
d b;s®+b,s+b;
a,=-V,CLR.D"a,=-V,L
a, =V, (R,D”-R, )b, =CL(R,D"” +R,, +R,) (20)
b, =CR.R, (-3DD"+1) +
CR,D'(R,D"”+R; +R,D")+LD"
b, =2R, (-3DD'+1)-4R D +2R +R,D"

~V,+(2R, +R )1,
Vi, +(Rp —=Rg) 1,

(21)
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In Figure 4, the bode diagram of simple and complete model are compared.

Considering the stability margins, one can see that the stability and dynamic of the system by considering the

parasitic components are significantly ameliorated.

Table 3 module parameters under standard test condition (STC)

Voo 219V
Viee 176V
lec 27A
e 2.56 A
Puier 45 W

Table 4: Parasitic elements of the converter

Re 100 mQ

RC 5 mQ

RSl:RSZ 7.8 mQ

RDIZRDZ 80 mQ

Table 5 Parameters of PI controller designed based on simplified and complete model

Controller Simplified Complete

Parameter Model Model
Ko 0.00054 0.02026
K, 3.434 38.19

7. Simulation and Experimental Results

To evaluate the performance of the control system and to provide a fair comparison between designed
controllers, a prototype of a non-inverting buck boost converter fed by a PV module is used (see Figure 5). The
goal of tests is to assess the ability of the control system to maintain the output voltage of the converter under
change in the PV condition. Table 111 summarizes the parameters of PV module under standard test condition

(STC) and table 4 shows the parasitic parameters of the converter.

In the designed converter, instead of each diode two parallel diode is used to improve the converter power
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rating. So, the resistor of these two diode equivalently is considered as the on-time resistor of the diode. In
addition, R, value includes the sum of resistor of PCB routes and also, it is by considering the increase of
inductor resistor because of skin effect in switching frequency of 50 kHz. In Figure 6, a comparison between the
bode diagram obtained by simulation of the converter in PSIM software and block diagram based on the
complete transfer function of the system is carried out. As it can be observed, the similarity of two bode
diagrams shows the accuracy of the developed model. To design Pl and Type3 controllers the classic design
method in frequency domain is employed. The controller parameters designed based on two models are in Table
V.

To provide a change in the input voltage of the converter, the sun radiation artificially changes. Since the load
power is constant, by changing the sun radiation, the input voltage will disturb. Therefore, in the implemented
test, the converter firstly works in the buck mode, then, after change in the sun radiation and power reduction it
goes to boost mode and continue to work in this mode. It worth noting that the PV voltage during these
variations reduces from 18 Volt to 15 Volt, while the control system keeps the output voltage of the controller at
16 Volt. As it can be shown in Figure 7, the Pl controller designed based on the complete model has
significantly superior dynamic performance in comparison with PI designed based on simplified model. Due to
freedom degree of Type3 controller in comparison with PI controller, the cut-off frequency of the controller can
be chosen at higher frequency and hence, it has faster dynamic than PI. Figure 7 (c) and (d) compares the
performance of the Type3 controllers designed based on two models. As it can be expected, the Type3 based on

complete model has faster dynamic.

Table 6: Parameters of Type3 controller designed based on simplified and complete model

Controller Parameter  Simplified Model Complete Model

Ky 41.64 50.3
K, 0.07258 0.07244
Ks 3.16e-5 2.6e-5
K, 1 1
Ks 5.8e-5 1.43e-4
Ks 8.4e-10 5.1e-9

10
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Figure 5: A scheme of non-inverting buck boost converter
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Figure 6: Diagram bode based on PSIM simulation and based on accurate transfer function of the converter
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8. Cocnlusion

In this paper, the complete model of the non-inverting buck-boost converter in presence of all parasitic

11
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components has been proposed. After obtaining the complete model of the converter, the dynamic analysis
between the transfer function of the simplified model and complete model has been carried out. Then, two Pl
and Type3 controllers are designed based on frequency response of the system. The experimental results for the
controllers designed based on complete mode, show the better performance of them to regulate the output

voltage of a PV module.
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