https.://erjm.journals.ekb.eg
ISSN: 1110-1180

ER]
Engineering Research Journal
Faculty of Engineering
Menoufia University

Stability Analysis and Performance Evaluation of a Multifunction Converter

Azza E. Lashine!, Marwa S. Osheba® and Arafa S. Mansour*?

YElectrical Engineering Department, Faculty of Engineering, Menoufia University, Egypt
?Madina Higher Institute for Engineering and Technology (MHIET), Egypt
(Corresponding author:Marwa.osheba@sh-eng.menofia.edu.eg)

ABSTRACT

This paper proposes a converter circuit topology that can perform two functions rather than only one
function, normally used in the traditional design of Power electronic converters (PEC). Initially the operation
of the proposed circuit in boost and inverting modes are outlined. This is followed by the development of a
state-space model and extensive frequency-domain and pole-zero stability analyses for the boost mode that
give information about the circuit elements requirements and controller design. The proposed converter is
simulated using Matlab environment and its performance is evaluated using two control strategies to control
the load voltage. The results show the good performance of the converter over a wide range of output
voltages and converter capability to reverse the output signal performance and follow the reference values via
a logic-based control scheme, which is one of the smart grid application requirements.
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1. Introduction

Power electronic converters (PEC) are gaining more
and more interest to process and control the electric
energy for user loads. (PEC) mainly deal with the
conversion of power from one form to another and
the change from one voltage level to multi levels
using solid-state switches, such as Power MOSFET,
IGBT, ...etc., and relatively lossless components,
namely inductors and capacitors [1-3]. Operation of
PEC require that the solid-state devices switched on-
and-off using many control strategies each of them
achieve a specific function. The main function types
of Power Electronic (PE) conversion are DC to DC,
AC to DC, DC to AC and AC to AC. Each of these
functions has its own advantages such as the use of
buck-boost converters to step-up or step-down a DC
voltage to suit the load requirements, which cannot
be achieved using the conventional transformers [4-
6].

Traditionally, each of the PEC is designed to achieve
only one of the above-mentioned functions.
However, the increasing penetration of renewable
energy sources and the recent developments in micro-
and-smart grids necessitate changing the design
philosophy of PEC to perform more than one
function rather than one. This is not only for
economic reasons but also for operation reliability of
the recent developments in micro and smart grids by
reducing the number of converters count at lower

cost [12-13]. Multiple DC-DC converters are
necessary for not only PV modules to maximize the
power generation but also batteries charge.
Meanwhile, a bidirectional DC-DC converter that
plays a role of charge-discharge regulation for a
battery allows flexible power flows in PV systems [7-
11]. The work described in the paper is concerned
with the stability analysis and performance
evaluation of a DC/DC converter

This work described in this paper is a part of a project
concerning the development of multi-function power
electronic converter (MFC). This paper proposes a
converter circuit topology and the control system
with the capability of performing two functions as an
initial attempt in developing a general purposes
MFC. The proposed circuit is analyzed, and the
dynamic model is obtained using the state-space
approach. The converter stability is extensively
analyzed in the frequency and pole-zero domains,
and the results are presented. The nature of the
converter small signal response and requirements for
converter design is demonstrated. A logic-based
control system is designed, and the complete system
is simulated using the  MatLab/SimPower
environment. The simulation results are obtained
illustrating the response of the

positive and negative boost DC/DC converter to pre-
specified values. The performance of the converter to
changes in load voltage reference is also given.
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2. Circuit Topology of The MFC

The proposed circuit topology of the MFC is shown
in Figure (1). It consists of four power electronic (PE)
switches SW1, SW2, SW3 and SW4, an inductor, Le,
and a capacitor, C. A logic-based control system is
designed and used to enable or disable the PE
switches in a way to perform the required functions,
according to function setting. For the present two
boost functions, the logic-based control system
employs four modes of operation; two of them are
used to perform positive DC boost while the other
two modes of operation enable negative DC boost.
The truth table used by the logic-basic controller to
operate the converter during the two functions is
detailed in Table 1. The general dynamic model and
the simulation results for the converter operation and
performance evaluations are described subsequently.

SWy
1

L r.

N
VAl
[(peoa}

Figure 1- Proposed multifunction circuit topology

Table 1 -The truth table to operate the converter
during the two functions

FUNCTION Operating SW SwW  Sw SW
MODE 1 2 3 4
MODE 1 1 1
Positive o 0 0
BOOST MODE 2 1 1 0 0
Negative MODE 1 1 0 1
BOOST MODE 2 0 1 1

3. Modelling of DC/DC Converters

Studying the characteristics of converter under
changeable environments such as at starting or when
the converter is subjected to sudden changes in loads
requires dynamic models of these converters [1]

These models are also important to improve the
system transient characteristics via designing the
necessary compensator and control systems. In
addition, a converter may be used as a voltage
regulator or current controller simply by closing a
feedback loop between the required output quantity
and the duty-ratio of the switching devices. The
feedback signal which might be output voltage,
output current or input current is compared with a
reference for the required control action. The stable
operation of the controller relies on the knowledge of
the converter's dynamic characteristics and the
suitable application of feedback and compensation [1,
14, 15]. This will form difficulty for a switched-mode
converter because the converter is highly nonlinear
and is controlled by digital type of duty-ratio. This
section illustrates a representation of the converter
model and shows that the small-signal characteristics
of linear systems can be applied successfully to
obtain the required dynamic model. The model is
obtained and analyzed for the MFC when operating
in the DC/DC boost-converting mode.

3.1 Modeling of the operation Modes

The operation modes of the multifunction circuit
topology, shown in Figure (1), as a Positive Boost
(PB) or a Negative Boost (NP) converter are shown
graphically in Figure (2). The dynamic equations of
the converter can be written for the two operation
modes as follows:

1- Mode 1:
In this operating mode, the converter circuit during

PB and NB functions are Figs. (2a, 2b) where either
SW3, SW2 (for PB) or SW1, SW4 (for NB) are
closed. The equations that describe the operation
during this mode can be obtained as follows:

dil Te

_ —-— 0

dt | L, i 1

di, R, 1 I

— = 0 —— —1li |+ |7e||V; 1
dt | Lo Lol vo [ m] ( )
dv, | 0 1 0 | ¢

dt | -z 0l
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Figure 2- Operation Modes for the DC Boost Function
where r, and L. are the inductor resistance and
inductance; L, and R, are the load resistance and
reactance; C is the converter capacitance.

2- Mode 2:

In this operating mode, the converter circuit during
PB and NB functions are Figs. (2a, 2b) where either
SW1, SW2 (for PB) or SW3, SW4 (for NB) are
closed. The equations that describe the operation
during this mode can be obtained as follows:

(4] [ 0 7]
| dt | L, L, i 1
|dio | _ | R 1 |[M].|%
Dot o =22 = |lip [+ |Ee| ] 2
|dt| I Lo LOIUO O[Ln]()
|dvc| 1 1 ¢
ldt : T 0
c c

3.2 State-Space Average Representation

Generally, the time-invariant state-space
representation of the continuous conducting modes
(CCM) of the converter, Egs. 1 and 2, can be
expressed in the following general form of state-
space model:

X=A.X+B.U 3

When the switching device is turned ON, it conducts
for a ratio D of the duty cycle and consequently the
ON mode of operation, Eqgn. 1, can be rewritten as:
X=A,, . X+B,, .U (4)

Similarly, when the switching IGBT is turned OFF,
the diode conducts for a ratio of (1-D) of duty cycle.
The state space representation of this period, Eqn. 2,
can be rewritten as:

Since the ON-and OFF periods of the converter are
represented by the D and (1—D) duration periods
over the whole duty cycle, Equations 4 and 5 can be
averaged by these periods as follows [1]:

X
= [D. 4,
+(A-D)Ays]. X
+
[D.Bon + (1 = D). Byss | U (6)

Equation 6 represent the average nonlinear values of
the state variable, V., and [, , considering all
nonlinearities of the converter. However, except for
starting the converter operation, variations in duty
ratio to match any fluctuations in the controlled
output is minimum and represent small deviations in
the conduction period. This represent the starting
point to apply the small perturbation theory on the
overall non-linear state space model, Egn. 6, about a
quesi-operating point, leading to the linear time
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invariant state space model that represent the
converter dynamical response when subjected to a
small changes in the conduction period. Now,
consider there is a small signal variation, d, occurs at
the initial duty ratio, D,, that will cause a small
variation x of the initial state variables X,. This can
be written in the form:

D=D,+d (7)
X=X, +x (8)

Perturbing Eqn. 6 about a quesi-operating point and
substitute from Eqgs. 7 and 8 vyields the following
small signal time-invariant state-space model that
represent the dynamic characteristics of the converter
when subjected to a small deviation n in the duty
ratio:

x=A.X+ F.d 9
where:

A=D.A;pm + (1-D). Ay

and

F =[Aon — Aosf] -[Bon — Boss]-U

Using the Matlab symbolic Algorithm, the transfer
function with respect to the individual variable can be
obtained as

S=[SI-A"'.F (10)

0
x adj[SI — A] .F
x_ Ll _adjiSI-AlLF (11)
d d det[SI — A]
Using the MatLab symbolic Functions reduction, the
TF of the converter is obtained as follows:
% AS? — A, S+ A
== Gy oy - - (12)
d B;S3+B,S?2+ B; S+ B,
where: G, = Boost converter steady state gain

(1-D)

A, = =L, L,
(1-D)R,
TeLo L,

A, = —-(1-D)L

2 ( ) °+(r1—D)R0 (1-D)
A;=(1-D)R,— —*—

3 ( ) o (1—D)
B, = L,L,C
B; = C(LeR, + LoTe)

By = 1,R, C+ L+ Lo(1—D)?

&
|

=1, + R,(1—D)?

4. Converter Characteristics and Stability
Analysis

4.1 Converter Properties

The frequency response of the converter is obtained
in terms of Bode Plot fusing the dynamic model as
shown in Figure (3). The result shows almost
constant gain at low frequencies before the resonance
frequency followed by —40 dB/decade at high
frequencies.  This  indicate  poor  transient
characteristics and requires careful attention in the
controller or compensator design [16]. This result
illustrates positive phase shift in the phase frequency.
This is due to the presence of a Zero in Right-Hand
Side (RHS) of the S-plane of the system
characteristic equation. Therefore, the results
illustrate that the converter transfer function (TF) is
called a non-minimum phase system [16]. This term
comes from the phase-shift characteristics of such a
system when subjected to sinusoidal inputs. This
result indicates that the small signal analysis of the
converter obeys the following properties of the non-
minimum phase systems:

e Non-minimum-phase systems are slow in
responding because of their faulty behavior at the
start of a response. In most practical control
systems, excessive phase lag should be carefully
avoided via the introduction of an inner loop to
cancel the RHS zero.

e  Away from systems that has no RHS zero, non-
minimum-phase system will have negative phase
and gain margins, which indicate that the correct
interpretation of stability margins requires
careful study. Therefore, the Root locus of the
system is obtained, and the pole-zero diagram is
shown in Figure 4b. It illustrates that the
converter has two poles at the Left-Hand Side
(LHS) of the S-plane and one zero in the RHS.
Also, the result illustrate limited range of
stability and careful attention should be given to
the controller design. The result also shows that
increasing the controller gain makes the locus
moves from the pole in the LHS to the zero in
the RHS while the other pole moves to infinity in
the RHS.
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Figure 3- Converter of Bode Plot Diagram

4.2 Effects of varying the converter parameters
The effects of the varying the converter capacitor on
the converter stability at a constant value of the
inductor value in terms of frequency response and
pole-zero diagrams are shown in Figure (4). The
results clearly illustrate that increasing the converter
capacitance reduces the stability margin and
increases the operating range at high frequencies.
Little effects have been observed on converter-
damped frequency
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Figure 4- Effects of varying converter capacitance

Moreover, the effects of varying the converter
inductance on the converter stability at a constant
value of the converter capacitance in terms of
frequency response and pole-zero diagrams are
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shown in Figure (5). The results clearly illustrate no
significant effects of the inductance on converter
stability with minor increase of the operating range at
higher frequencies. However, a significant effect on
the damped frequency is observed with the increase
of the converter inductance.
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Figure 5- Effects of varying converter inductance

5. Simulation Results and Performance
Evaluation

A detailed simulation is built using the
MatLab/SimPower environments and the converter
performance is obtained under various conditions to
evaluate the DC/DC boosting function in producing a
fully controlled output voltage. A signal is feedback
from the output voltage and compared with the
reference value and the error signal is then compared
with a generated sawtooth signal and the resulting
signal is fed to the control system as shown in Figure
(6). The operation of the MFC in all claimed
functions obey the sequence given in the truth table
given in Table I, where the MFC power circuit is that
shown in Figure 1. The PI controller is designed
using Niclus-Zeglar method to determine the initial
gain values as described in [16]. The gains are then
fine-tuned using trials and errors due to the high non-
linearity of the converter and sampled data action.
The performance is obtained and demonstrated in the
following cases:
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5.1 A- Converter Performance using a PWM-based
control structure
1) Response to changes in voltage reference
Figure 7a shows the response of the converter at
starting and then successive changes in the voltage
reference. The results illustrate unsatisfactory
performance not only at starting but it also when the
converter is subjected to changes in the reference
voltage. This could be explained with the aid of the
dynamic analysis that indicated that the nature is a
non-minimum phase system where a large phase
angle exists between the input and output. In
addition, the linear analysis indicated the limited
range of stability region, which makes the system
more sensitive to changes in the system. One of the
suggestions to solve this problem is establish an inner
loop that eliminates the zero in the TF and lead to
more stable and less parameter sensitivity of the
system. Therefore, an inner loop is established via a
current signal from the inductor current, the test is
repeated, and the result is shown in Figure7b that
illustrate significant improvements when the system
involves an inner loop.
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Figure 7-Response to successive changes in voltage
reference

1- Performance of Positive and Negative boost,
PWM plus with an inner loop

Figures (8) and (9) show the converter starting
performance during positive and negative boost
function. The converter reference is set 150 %, 200 %
or 250 % of the supply voltage and the converter
response to these values and their references are
shown in Figures. (8),(9). These results illustrate
successful operation of the converter in producing
precise control of the output voltage using the PWM
and an inner loop from the inductor current.
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5.2 Converter Performance using a Hysteresis
control

The performance of the converter using Hysteresis

control is shown in Figures. (10-13). These results

also illustrate the output is well controlled and the
logic-based controller is able to operate the converter
successfully during positive and negative functions.
Also, the results illustrate the ability of the converter
to produce precisely the required outputs
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The converter response to load variations are shown
in Figure 13. The results illustrate the capability of
the converter to precisely control the output voltage
at 200 % of supply voltage though the large changes
in the load.
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Figure 13-Response to variation in system loads: (a)

Load voltage, and (b) Load current.

6. Conclusions

The paper presents stability analysis and performance
evaluation of a multifunction Converter. A
multifunction circuit topology is proposed and a
time-invariant state-space model for the converter
obtained using state-space average technique. The
results indicated show that the converter is a non-
minimum phase and an inner loop is required for
improved converter performance. Also, the results
illustrated that increasing the converter capacitance
reduces the stability margin while increasing the
inductance reduces the damped frequency. A
comprehensive assessment of stability using the
frequency domain and pole-zero locus domains that
indicated that careful attention should be given to the
controller design. The simulation results illustrate
successful operation of the converter to satisfy the
positive and negative function requirements.
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