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ABSTRACT

Khodadady, Mohammad, N., Masters : June : 2019, Master of Science in Electrical
Engineering
Title: High-power Multiport DC-DC Converter for PV Farm Applications
Supervisor of Thesis: Nader M. Meskin and Ahmed M. Masoud

The trend toward generating electricity from renewable energy sources has
encouraged researchers to work on finding more reliable and efficient ways of combining
various sources, storage systems, and loads with different voltage ratings. Using the
conventional structure of integrating multiple sources is proven to be less efficient and
more expensive. This has led to the development of the multiport DC-DC converter, which
provides a localized energy processing model with a centralized controller. This research
studies the operation and characteristics of the multiport DC-DC converter, specifically for
medium-voltage and high-power applications. The steady state and the dynamical
modeling of the multiport DC-DC converter are presented in this work. A mathematical
representation of the average current model is derived, and it is used to obtain the linearized
model of the multiport DC-DC converter. Non-Overshooting state feedback controller is
designed and implemented for a five-port converter, and its performance is compared with
the conventional optimal control scheme. In addition, fault analysis is carried out by
studying the system response under different fault scenarios and evaluating the controller’s

ability to adjust the power flow between the ports.
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CHAPTER 1: INTRODUCTION

Generating electricity from renewable energy sources such as photovoltaic (PV),
fuel cell, and wind has gained great attention in the past decade. This is mainly due to the
environmental impact and non-renewable nature of fossil fuel based energy sources such
as coal, oil, and natural gas. Climate change is currently a major topic, and it has raised
more attention from different organizations and countries on the impact of fossil fuel. In
addition, the energy demand is constantly increasing due to industrial and population
growth. It is projected that world energy consumption will increase by 28% between 2015
and 2040 [1]. Although the environmental impact of fossil fuel is non-negligible, it remains
to be the main source for generating electricity in many countries, and it accounts for 78%
of the global energy production according to the latest report from Renewable Energy
Policy Network for the 215 Century (REN21) [2]. However, there has been a steady
increase in generating energy from different energy sources in the past decade. It was
estimated that in 2015, almost 1,800 gigawatt (GW) of global energy was generated from
renewable energy [2]. This number is increased by 9% in 2016. Moreover, the annual
capacity of added renewable energy is more than all fossil fuels combined [2]. Figure 1
illustrates the power capacity of renewable energy sources in the top six countries in
generating electricity from renewable energy sources. Solar PV, for the first time, has
accounted for the highest installed energy source of all power generation technologies. This
increase is driven by the decline in the prices of PV technology, and it is expected that the

prices will decline more in the future.
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Figure 1. Renewable power capacity in the top six countries.

Although the price of PV technology is declining every year, it is still relatively
more expansive than fossil fuel. This has forced the investors and designers to look for
extracting the maximum output from the installed PV. Generating high capacity from PV
not only requires a careful selection of the geographical parameters but also in the electrical
infrastructure, which plays an important role in the PV system design [3].

One of the main components in the electrical infrastructure of the PV system is the
DC-DC converter. Figure 2 shows a typical power electronic circuit for a PV system which
consists of an energy source (PV), a converter to extract the maximum power, a controller
to control the operation of the converter by taking the measurements from the source and

the load, and finally the load.
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Figure 2. Power conversion in a PV system.

The above structure is mainly suitable for applications where there are only one
energy source and a single load. For large PV systems, there are multiple PV parks located
in different locations. In addition, PV can only supply energy when there is sunlight, so it
is essential to have an energy storage device to store the excess energy and supply the loads
during the night time. As a result, it is important to have a converter with multiple inputs
and output to integrate the energy supply from multiple PV parks and store this energy in
storage devices or supply it to the load. Such systems can be structured as shown in Figure
3. This conventional method of integrating multiple sources is constructed by connecting
all the renewable energy sources to a common high-/low-voltage DC bus. Several types of
converters have been developed, which can be used in such systems such as fly-back
converter [4], push-pull converter [5], phase-shifted full-bridge converter [6], etc. This
structure for combining renewable energy sources has several disadvantages. First, each
source requires a separate converter resulting in a large number of components, larger
weight, and higher cost. Another disadvantage of such configuration is related to

controlling the power flow through the converters. Each converter is controlled
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individually without considering the performance of the overall system. These drawbacks

can have a significant impact on the efficiency of the PV system.
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Figure 3. Conventional structure of integrating multiple sources.

Another way of integrating multiple DC-sources is by using multiport converters
[7], which overcome many of the disadvantages of the conventional structure. Figure 4
illustrates the structure of a multiport converter. All the PV sources are connected to a
single converter, which helps to reduce the weight and the cost significantly. In addition,

this topology allows all sources and loads of different voltages to be connected to the same



converter as opposed to the conventional structure. Moreover, a single controller is used
to adjust the power flow between the ports, the storage system, and the loads. Some
topologies of multiport converter have transformers for providing galvanic isolation for
safety in high voltage applications. The reduction in the number of active switches and
improved control strategy in this structure can enhance the efficiency of the system greatly

compared to the conventional structure [7].
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Figure 4. Multiport DC-DC Converter.

Having multiple sources and loads connected to the same converter makes dealing

with faults more challenging. A reliable multiport system must be able to prevent the fault
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from propagating to other parts of the network by isolating the faulted port. Moreover, a
suitable control strategy must be adopted to minimize the impact of faults on the converter
by adjusting the power flow between the ports.
1.1 Overview of Previous Work

There are two main categories of multiport converters: isolated and non-isolated
converters. In the isolated multiport converter, a transformer is added between the sources
and the loads to provide galvanic isolation. Based on the topology of the converter, flux
addition using multi-winding transformer [8], DC-link method [9], or time-sharing concept
[10] is applied to transfer energy from the primary side of the transformer to the secondary
side. On the other hand, the non-isolated multiport converter is an inexpensive solution
compared to the isolated converter topology. It requires less components, and it is smaller
in size, which makes it more suitable for low-cost applications.
1.1.1 Non-Isolated Multiport Converter

The dual input buck/buck-boost converter presented in [11] consists of a low-
voltage port, high-voltage port, and an output port. Conventional Pulse Width Modulation
(PWM) is used to control the switches to allow power flow to be controlled either
separately or simultaneously. Soft switching is accessible in this topology. A switched-
capacitor based multi-input summation converter is presented in [12] which consists of N
number of capacitors and active switches, where N is the number of input sources. This
converter requires a large output capacitor to minimize the ripple. In order to achieve soft-
switching, a small resonant inductor is connected in series with each switched-capacitor,
and the switching frequency is set to be lower than the resonant frequency. The converter

in [13] is derived from the traditional boost converter with an auxiliary circuit. The
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auxiliary circuit is constructed by connecting a small inductor in series with a diode and a
switch connected in series with a capacitor. The purpose of this circuit is to achieve turn-
on Zero Voltage Switching (ZVS) for all switches and to eliminate the large reverse
recovery current of the output diode. The unidirectional multi-input multi-output converter
in [14] has a single inductor to transfer the energy between the sources and the load. The
use of single inductor can help to decrease the size and cost of the converter, and current
sensing can be done more easily. Duty cycle control is optimized to control the switching
legs in this topology.
1.1.2 Isolated Multiport Converter

A new family of multi-input converters is introduced in [15], which combines both
DC link and magnetic coupling. Two types of multiport converters were introduced, half-
bridge and full-bridge converter. In the half-bridge converters, a DC bus is used to link
both the input half-bridge circuits, and an isolation transformer is implemented to link the
inputs with the load. This topology integrates a bidirectional buck/boost topology and
bidirectional boost dual half-bridge. In addition to providing isolation, the transformer in
this topology is also used to boost the low dc-link voltage. The full-bridge converter
integrates two-phase boost units [16]. The power flow in the boost units is controlled by
utilizing the duty cycle of the switches, and the power flow through the load is controlled
by adjusting the phase shift between the legs. The primary side ports in this topology are
bidirectional. The load port can also be bidirectional if the synchronous rectification is
applied and unidirectional if diode rectifiers are employed.

All the multiport converters introduced above are most suitable for low/medium

voltage applications. For high-power high-voltage applications, the most suitable topology

7



is the Dual Active Bridge (DAB) [17], which forms a building block for different high-
power multiport converters.

Figure 5 shows a two-input current-fed converter which transfers the input energy
from multiple sources through the multi-winding transformer [8]. The magnetic flux
produced by each winding is added-up in the coupled magnetic core of the transformer to
combine the energy produced by each current source. The four diodes at the output side
are used for rectification. This topology is capable of transferring energy from sources with
different voltage levels by converting the voltage source to current sources using Choke
inductor. To prevent reverse current flow from the sources and allow the operation of both
DC sources simultaneously, the reverse blocking diodes are integrated into the input stage.
The control of the active switches is done by utilizing phase shifted PWM which helps to
prevent voltage clamping in the transformer’s windings and to provide soft-switching
operation. This topology is capable of only delivering the energy in one direction, which

makes it unsuitable in applications where the energy storage system is implemented.
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Figure 5. Two-input current-fed full-bridge converter.

The topology shown in Figure 6 is based on series resonant where each full-bridge
unit is connected to a transformer winding through a series resonant circuit [18]. The output
voltage is controlled by adjusting the phase shift angle between the output voltage of each
full bridge unit, and the direction of power flow is controlled by adjusting the phase shift
between the pairs of active switches. Soft switching is only achieved when the converter is
operating above the resonant frequency. Some drawbacks of this topology that it requires
large resonant inductors and capacitors, and variable frequency control to maintain soft

switching.
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Figure 6. Series resonant DC-DC converter.

The Triple Active Bridge (TAB) converter shown in Figure 7 is just an expansion
of the DAB, and it is capable of providing bidirectional power which makes it suitable for
energy storage applications [19]. Using the conventional phase-shifted PWM allows ZVS
for a small range of voltage level. Due to the large variation in the voltage level specifically
when connecting one of the ports to supercapacitors for energy storage or when snubber
capacitors are added in parallel to the switches, soft switching has to be guaranteed through
the whole operations range. By applying duty cycle control to the TAB topology, it is
possible to achieve soft switching ZVS over the complete range. In addition, two PI

feedback loops are used to achieve constant voltage and constant power.
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1.2 Research Challenges
Extensive research works have been done in designing multiport converters.
However, the proposed topologies in the literature have one or more of the following
disadvantages:
1- The main focus of the past literature has been toward the design of the circuit
without considering enhancing the stability of the system under different operation

modes.

N
)

Mostly conventional controllers such as PID controller are used.

w
1

Lack of bidirectional supply capability between all ports.

EaN
1

Applied to low power applications.

(@]
1

The dynamic response of the system under load change while keeping constant

voltage is not well studied.
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The TAB converter illustrated in Figure 7 can be further extended to an N-port
converter. In addition, it supports bidirectional power flow and can be applied in high-
power applications. These properties make this topology an attractive option for high-
power multiport converter for renewable energy systems. More advanced control systems
can be applied in order to enhance the voltage and current response of the system under
load change.

1.3 Thesis Objectives and Contributions

The objective of this thesis is to design and implement a non-overshooting control
structure for a DAB based multiport converter for medium-voltage and high-power
applications with bidirectional power flow capability. The thesis will include analysis,
modeling, and simulation of the multiport converter. An improved closed-loop controller
will be developed to manage the power flow between the energy sources, storage devices,
and loads while maintaining a constant voltage. Simulation of the multiport converter under
different operation modes will be analyzed to evaluate the performance of the controller.
The case study that will be analyzed in this thesis is illustrated in Figure 8 which consists
of a Utility Grid (UG), Battery Energy Storage System (BESS) to store the excess energy
and to supply the UG when power is needed, and three Photovoltaic (PV) ports that supply
the UG and BESS. In the medium-voltage multiport converter under-study, the voltage of
the UG is rated at 11kV, whereas the voltage of the BESS is rated at 2 kV and each PV
farm can supply 1.5kV. The PV voltage selected based on the maximum allowed voltage
for the high-voltage PV system according to the National Electric Code [20]. Each port can
supply up to 0.5 MW.

The main contribution of the thesis can be summarized as follows:
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e Analyze and model medium-voltage high-power multiport DC-DC converter.

e Develop a non-overshooting controller capable of eliminating the overshoot from
voltage and current response.

e Compare the system response under optimal and non-overshooting control
schemes.

e Assess the system’s response to fault.

—N
Ly
A N
Tﬁ; IH A| Ci+ L,
(¥ L 3
UG . =
[V=11kV] é TC, =
PV Farm 2
—— [V=1.5kV]
2
<y ﬂ [P=0.5 MW]
C2== L5 E
BESS —rlé
[V=2kV] ' c —
[P=0.5 MW] ® PV Farm 3
—rn [V=15kV]
. Ls g l} [P=0.5 MW]
-“.,_f:;: C3 == il
PV Farm 1 .
[V=1.5kV]
[P=0.5 MW]

Figure 8. Multiport DC-DC converter.

1.4 Thesis Structure

This thesis is organized as follows:
Chapter 1 includes the problem statement of the importance of renewable energy and the
challenges in integrating multiple renewable energy sources and storage system with the

grid. In addition, a literature review is conducted on the development of multiport DC-DC
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converter. Several topologies are presented along with their operation, application, and
drawbacks. Finally, in this chapter, the research challenges and the objectives of the thesis
are defined. Chapter 2 presents the characteristics of DAB converter and its average
waveforms. The average power and current equations of the DAB are derived. The DAB
is extended to the multiport converter, and the average value model is obtained by deriving
the large and small signal model of each port. The detailed model which contains the non-
linear characteristics of the multiport converter is presented as well. Moreover, the
input/output filter design of the multiport converter is studied to minimize voltage and
current ripples. Chapter 3 presents the control structure of the converter and analysis of the
response of the system using two controllers. Chapter 4 includes a summarization of the

major contributions of this research and the recommendations for future work.
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CHAPTER 2: MULTIPORT CONVERTER MODELING

This chapter demonstrates the operation principle of the multiport converter using
the averaging method. The average power equation is first derived for the dual active bridge
converter and used to find the average current. The next section studies the modeling of
the multi-winding transformer that will be implemented in the multiport converter. A
simulation is carried out for the multi-winding transformer to represent the power transfer
between the ports. Next, using the averaging current equation of the DAB, the large signal,
small signal, and detailed models of the multiport converter are obtained. Finally, the
equations for calculating the minimum LC filter value is derived.
2.1 Dual Active Bridge

The DAB converter illustrated in Figure 9 is used to demonstrate the averaging
method which will be applied for the multiport structure. The converter consists of two H-
bridges coupled by a high-frequency transformer. The intermediate transformer provides
galvanic isolation and prevents common-mode current [21]. The DAB can be designed as
single-phase or three-phase depending on the design requirements. In the multiport system
under-study, a single-phase DAB is used to analyze the multiport system in order to
simplify the analysis. Both single-phase and three-phase systems can be used in the
medium-voltage multiport system since the main objective of the AC link is only to provide
galvanic isolation. The simplified model of the DAB primary referred circuit is presented
in Figure 10. The transformer’s winding is represented by a leakage inductor L. The voltage

across the inductor is the difference between the two square wave voltages v, (t) and v, (t).
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Figure 9. DAB converter circuit.
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Figure 10. Equivalent circuit of DAB.

Figure 11 shows the operating waveform of DAB in case of power transfer from
v, (t) to v, (t). Both v, (t) and v,(t) are a square wave with 50% duty cycle. The phase
shift of the pulses between the full bridges defines the power flow direction between the
ports, and it is denoted by ¢. The inductor leakage current i;,(t) is a function of 6(t) =

wt where w is the switching frequency [22]. I; and I, represent the port’s current.
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To find the equation for the power transferred from V; to V,, the inductor current is first
derived during the two operating modes (0 < 6 < ¢) and (¢ <60 <m) [23]:

Mode A: (0 < 6 < ¢)

dii,

di
|
ha(0) = | (4 V)6 + (-1) @
0

17



1
i12(9) = E (V1 + Vz) 6—1

Mode B (t=0 at the start of mode B): (¢ < 6 < m)

0 - E(VH—Vz)

0
_ 1
120) = |7 V=V a0+,

1
i12(0) = oL WV =V)0+1,

Using the boundary condition, equations (4) and (7) can be expressed as
] 1
i12() =1, = oL W+V)e—1

12(m) =1, = i W=V (@—¢)+1,

Equivalently

1
L+ = E(VH—VZ)(I—')

L—1= ﬁ W =V) (m— o)
The instantaneous power transferred from port 1 to port 2 is given by
Py = v, 1y
The average power in the interval [0, ] becomes

= 1|V, (g _12)¢+ Vo(ly + 1) (m — ¢)

270 2 2

By substituting (10) and (11) in (13), the average power is rewritten as

(4)

(5)

(6)

(7)

(8)

©)

(10)

(11)

(12)

(13)
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_ V.
Pip=—"0¢ (1—@) (14)

/A

From (14) the average current is obtained as

f=t g <1 —@> (15)

T wL 7'[

The absolute term is introduced in order for the power and current equations to be
applicable for both positive and negative phase shifts and to obtain a symmetric plot of
both equations. The term ¢ represents the direction of power flow. Positive ¢p means that
the power is flowing from port 1 to port 2 and negative ¢ means that the current is flowing
in the other direction.

The derivation of the average current for TAB or any converter with more than two
ports follows the same procedure of DAB. The general circuit for the multiport converter
is shown in Figure 12. Each bridge is replaced by a voltage source, and the transformer
winding is represented as leakage inductance. The transformer is presented in delta
configuration to simplify the analysis. The power flow is controlled by the phase shift with
¢, as a reference. The equations of average power received at port i and average current

can be generalized as [24]:

P, = Z ij;Vi = Z ViViYijdij <1 - n” ) (16)
j:l,jii j=1,j¢i
N N
- . |41
I; = Z i = Z ViYijbij <1 - nl] (17)
=Ty =T i

where N is the total number of ports, V; and V; define the ith and jth ports, ¢;; is the phase

[EN

shift between the ports i and j, and Y;; = —.

wLij
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The average current given in (17) is limited to ¢;; < || at which the current
reaches its maximum value at % and it starts decreasing until it reaches n. Beyond r, the

current diverges to infinity. In order for the average current equation to accept any value

between —oo and 4o, we have [25]:

= S U6y ) (l_w> (18)

j=1,j#i
where
7;; = floor (%) (19
The value of t determines the power flow between port i and j as follows:
- 1;; = odd number: The average current will be negative. Hence, port j is

advanced.

- 1;; = evennumber: The average current will be positive. Hence, port i is

advanced.

- 7;; = 0: Equation (18) become (17)
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Figure 12. Generalized circuit for multiport converter.

2.2 Multi-Winding Transformer

Various models have been developed for representing the multi-winding
transformer and its characteristics [26-29]. One of the simplest representations is to
represent the multi-winding transformer as an n-loop circuit consisting of linear elements
where each loop is coupled with all other loops electromagnetically. The voltage of the
transformer can be represented as

Vi=Xit1Zi;l; forl <j <n (20)

where the mutual impedance is represented by Z;; and the self-impedance of winding i is
represented by Z;; for i = j. The impedances in (20) can be determined experimentally by
applying an open circuit test. However, it should be calculated accurately because the

voltage drop in the windings depends on the small variation between Z;; and; Z;;. By
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solving the voltage equation and using Cramer’s rule, the current can be solved as
L=%.,Y;V, forl1 <j<n (21)
where Y;; represent the short circuit transfer admittance and Y;; for i = j is the short-circuit
driving point admittances. By applying the short-circuit test, all the admittance parameters
can be determined.
In order to analyze and simulate the transformer, it is more convenient to represent

an equivalent circuit of the transformer as shown in Figure 13 [22]. In the equivalent circuit

nn+1)
P

for the multi-winding transformer, the number of branches is calculated as The

admittances represent the magmatic leakage and the winding resistance which provides a
damping characteristic during transients. Figure 13 can be further simplified by eliminating
the parallel branches if the excitation currents (which are very small compared to the
windings current) are neglected. The relation between the admittance coefficient in (21)
and the admittance in the equivalent circuit is described as

Yy

i=1
Y = z Yij

i#j

= _in

(22)
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Figure 13. Multi-winding transformer.

2.2.1 Simulation of Multi-Winding Transformer

The simulation of the five-port transformer is done using Matlab/Simulink. The
voltage and the power rating of each port are shown in Table 1. Since the UG is selected
as a reference port, the base power is same as UG’s power rating. The turn ratio is

calculated as

Vi .
N,=— fori<5 (23)
Vi

As a result, the voltage at each port is equal to the base voltage of that port. Hence, the per
unit voltage for all the ports is equal to 1 and i; = P; for i < 5. Table 2 represents the
reactance and the resistance between the ports in per unit. The parameters of the system

are per-unitized in order to simplify the analysis. The switching frequency is set to 2 kHz.
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Source Voltage (kV/pu) Current (A/pu) Power (MW/pu)

Utility Grid 11/1 - -
Battery Bank 2/1 250/0.2 0.5/0.2

PV1 1.5/1 333/0.2 0.5/0.2

PV2 1.5/1 333/0.2 0.5/0.2

PV3 1.5/1 333/0.2 0.5/0.2

Table 1. Voltage and power ratings of the five ports.
Resistance and reactance ratings (pu)

X12 X13 X14 X15 X23
3.3929 3.3929 5.9690 5.5292 3.1416
X24 X25 X34 X35 X45
3.0788 4.1469 3.3929 2.8274 4.3982
T2 13 T14 s 723
0.5830 0.5640 0.3000 0.4200 0.4000
T24 25 T34 T35 Tys
0.3000 0.3500 0.6900 0.6200 0.5500

Table 2. Resistance and reactance ratings for the multi-winding transformer.

Each voltage source is represented by a pulse generator with a variable phase shift.
The power transfer is achieved by varying the phase shift between the reference port and

the other ports. The simulation is run for two cases to confirm the power transfer between
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the ports. In the first case, the BESS phase (¢,,) will be lagging and in the second case,
the same port will be leading to emulate the charging and discharging mode of the BESS.
Figure 14-15 show the power transfer from the 4 ports to the battery which is lagging in
phase. The contribution of each port to the battery’s port is shown in the plots. The average
power received by BESS is the summation of the average power of all ports.

Utility Grid Current BESS Cument

0.5 T 1.5 T T
. Avg Power = 0.192pu Avg Power = -0.735pu
a4 1+ . ‘.K‘ NN | hNONN
\ \ ‘x\ \ N N\ \ \ \
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LN L ‘ I \ h 05r [N | ‘ | | | I ‘ |
202 | REATAN N I | A _ | LT BER [ | i
%‘”\\'HH‘HH‘ Sor b P
sost | E L[
g l \ ‘ | | ‘ | [ | 3-0.5 | | || | | . ‘ | |
“'l'\\|||‘|\\|‘ e |||\‘H|\|‘|J
wl L ]| ‘ | N L] N | N YV A
01t 1 | ¥
VUV )
0zl / |/ | |/ |/, | 7oA A5/
0.3 L L 2 . L
0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01
Time [sec] Time [sec]
(a) (b)

Figure 14. Current response when ¢, is delayed by 0.78 rad (45°). (a) UG current (b)

BESS current.
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Figure 15. Current response when ¢, , is delayed by 0.78 rad (45°). (a) PV1 current (b)

PV2 current (c) PV3 current.

Figures 16-17 represents the power contribution of each port when port 2 is leading.

This is done by setting ¢, to zero and adding a phase shift of 0.78 rad to the other ports.

The battery supplies an average power of 0.735 pu to other ports.
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Figure 16. Current response when ¢, , is advanced by 0.78 rad (45°). (a) UG current (b)

BESS current (c) PV1 current (d) PVV2 current.
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Figure 17. PV3 current response when ¢, is advanced by 0.78 rad (45°).

2.3 Multiport Converter Modeling

Modeling multiport converter is useful for simplifying the analysis and for
identifying the control strategy suitable for the application. Modeling of the switched
converter can be classified into two groups [30]: the detailed switching model and the
average value model.

In the detailed switching model, the model includes all the components in the power
electronics circuits such as resistor, capacitors, inductors, transistors, etc., and it may also
include the parameters of the components such as leakage inductance, series resistance,
forward voltage drops, etc. to improve the simulation accuracy [31]. However, due to the
switching action in the detailed model, the time domain simulation requires very small
time-steps, which can be computationally expensive and very time-consuming. This makes

the detailed switching model not suitable for system-level modeling and analysis [31].
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The second group, which overcomes the difficulties of the detailed switching model
is the Average Value Model (AVM). In the AVM, the switching action of the converter is
averaged within a specific time interval. The current and voltage waveforms are all
averaged, which helps in simplifying the analysis of the fast switching converters [32]. By
averaging the current and voltage waveform, the switching action can be eliminated and
replaced by an equivalent average value, which describes the relationship between the
circuit variables. AVM allows the use of large time steps in simulation, which makes is it
more efficient and reduces the computational time and cost. It can also be linearized around
an operating point for small signal analysis of the converter and controller design [32].

There are several approaches that can be used to obtain the AVM, and the most
common methods are the circuit averaging [33] and the state-space averaging methods
[34]. The circuit averaging approach utilizes the average waveforms of the converter thus
allowing the replacement of the switching part of the converter with average circuit
components. This approach is more suitable for two or three ports converter since it
becomes more time consuming and complex when more ports are added. In the state space
averaging method, each operating mode of the converter is described by a state space
equation. By using the duty ratio, the weighted average of the state space equations is
obtained. This approach is more suitable for the multi-input multi-output system than the
circuit averaging method.

In this section, the average current equation from (18) is used to derive the large
signal model and its equivalent circuit. The small signal model is obtained by linearizing
the large signal model around the operating point. Using the linearized model of the

multiport converter, the state space representation is derived. Finally, a detailed model of
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multiport converter considering the resistive loss is presented.
2.3.1 Large-Signal Model (LSM)

The large single model of each port is derived from the equivalent circuit shown in
Figure 18 which consists of a current source connected to an LC filter and source/sink that
represents the type of the port [35] [36]. Each port of the converter is connected to an LC
filter as shown in Figure 8. The main objective of adding the filter is to minimize the
input/output noise and enhance the system’s reliability. The filter can be considered as an
input and output filter of each port since the ports are bidirectional. Figure 18a represents
the PV port by a dependent source that supplies constant power. In Figure 18b, both BESS

and the UG are represented by an open circuit with a constant voltage.

(b)
Figure 18. Equivalent circuit of the LC filter connected to the port. (a) PV port (b) UG

and BESS ports.
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The capacitor current i is obtained by subtracting the current of the ith port i; from the

average current of the converter i;

ic(t) = —i;(t) = ;;(®) (24)
where
ic(t) = Ci% (25)

The voltage across the capacitor v; is the same as the port voltage, which can be written

as
i; + i
Ul'(t) = —f < lC- l) dt (26)
l
The PV current can be calculated using
b
i = f M dt (27)
| Li

The UG and BESS current can be expressed as

(52

where v, is the input voltage of the ith port.
2.3.2 Small Signal Model (SSM)

The small signal model is derived by linearizing the equivalent circuits shown in
Figure 18 [22, 37]. The voltage across the filter capacitor v; and the inductor current i; are
selected as states. The operating points of the system are the phase difference between the
ports ¢, ;, the steady state capacitor voltage V;, and inductor current I;. First, the SSM of

the PV port is derived. The same steps are applied for the BESS and UG ports.
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PV port
Each operating point can be expressed as a summation of the steady state and the
perturbation as follows:

(0 =1 + 1;(b) (29)

{¢ij(t) = ¢ij + ¢ (D)

The voltage across the inductor v; can be expressed as:

() = v;(t) = Vin, (0) (30)
di(t)
L—r= = v;(t) = vin, (1) (31)

The PV voltage can be described as a constant power load and by applying Taylor series

expansion [38], the change in vp, can be estimated as

P; P
Vm + vm (t) = _I_ + I (t) (32)
Consequently, equation (31) becomes
d(I +i;(t) P P
L(lTl) = (WO +0i(0) + 7~ (33)
i

By substituting (24) and (29) in the average current equation (18), the following equation

is obtained
al — ~ (@ij + (f)ij(t)) - TijT[)
Z Yu V + 7 (t) =1™ <(¢ij + ¢ii(t)) - Tif”) b ™
j=1,j#i (34)
= Ii—zi(t)—CW

By multiplying terms in equation (34), the following equation is obtained
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c d(V; + 9:(0))

T = —IL; = 1;(®)
N _ _
— Z (—1)%u Y |V ((l_)ij - Tij”) (1 — M)]
joT i :
N _ —
N Z (=D ¥y | (¢y) — 7im) (1 —M> 9j(t)]
j=T=i :
N 2\, —mym)\ _
- ) vy, [V,- (1——( - )> %(t)‘
/s
j=1j#i
N — ~ —
- z (-1 Yy, [(1 — (s + ¢ijn(t) —tij7) _ @y ; Tijn) D;(t) (ﬁij(t)]
j=1,j#i
N V.. (t)?
+ Z =Dy _jd)l]() ] (39)
j=1,#i

By assuming that ;(t) « V; and qBij(t) L $ij, the last two terms in (35) are ignored. The
phase shift gEij (t) can be expressed in terms of (,51]- (t) and ¢,;(t) to reduce the number of
¢ terms in the linearized equation

<13ij(t) = <731j(t) — $1: (1) (36)
By placing (36) in (35), the following equation is obtained

c d(V; + 0,(0) _

N N J<i N
2 KV + ) ki@ ) T @ - ) TGO g
j=1,j=#i j=1,j%i j=2,j#i j=1,j#ii#1
N
+ZTij$1j(t)
j>1
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where

Kijj = (DY (% - Tijn) 1-— M (38)

2 (% ~ TU”) (39)

Tij = (=D uYy,;Vv;( 1- p-

For the steady-state condition, the DC terms in (33) and (37) are separated, so we have

Pi = _Vili (40)
N
j=1,j#i

Hence, the linear model of the PV port can be obtained from the linear terms in (33) and

(37) as follows

di@© V.
L dt = Ui(t) - ?ili(t) (42)
dv (t) o
— = —1,(t) - Z ;0 — z Tija;(0)
j=1,j#i j=2,j#i
(43)
N N
+) Tyu® + ) Tydy(®
j=1,j#ii#1 j>1

UG and BESS ports

By following the same procedure as PV port modeling, the steady state and the linearized
equations of the UG and BESS ports can be expressed as:

Steady state

Vini =V; (44)
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j=1,j#i
Linearized equations
di;(t)
LT = 00 = ) “s)
i
a0 . S - .
C=o= = —® = ) KyB© = ) Tydy(®
j=1j#i j=2,j%i
(47)
N N
+ Z T;j1:(0) +ZTij$1j(t)
j=1,j#ii#1 =1

2.3.3 State Space Average Model

The state space representation is used to simplify the analysis of the multiport

system. The state space average model is obtained by using the linearized equations of t
PV, UG, and BESS ports. In the five port converters, the direction of power flow

controlled by varying the angle between the desired port and the reference port (UG), so

he

is

in

this case, there are four phase angles (¢,; for i > 2) that control the direction of power

flow. Moreover, the voltage of UG (v;,,1) and BESS (v;,,,) are set by the user, so they are

considered as inputs as well. The remaining parameters (the voltage and current of each

port) are the states of the system. The state and input vectors for the five-port system are

defined as:

{ X)) = [01(1) ... D5(8) 15 (2) ... 15(0)] 48)

U(t) = [P12(8) - P15(t) Diny (&) Din, (8)]

The state space model of five-port DC-DC converter is presented as:
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x(t) = AZ(t) + Bu(t)

o oo 0% 0
K K. 1
e e Y | J— 0 0
C; C, C,
K K 1
e ) 0 _ 0
Cs Cs Cs
Kys 1
0 -2 o0 90 0 ——
C4, C4
K
3t ) 0 0 0 0
Cs
0 0 0 0 0 0
0 0 0 0 0 0
—p2
0 0 0 0 0
P; Ly
! 0o 0 0 0 — :
Ly Py L,
0 ! 0 0 0 0
Lsg

(49)

2

P L]
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2.3.4 Detailed Model

The LSM and SSM were obtained without considering the winding resistance of
the transformer. In high-power applications, the resistance loss can contribute
significantly to the efficiency of the system. Figure 19 illustrates the detailed model of
the multiport converter for the port connected to UG. The model includes the equivalent
circuit of the multi-winding transformer with the winding resistance. The equivalent
circuit is obtained by applying Y to delta transformation [39]. The current of any port is

expressed as:

Vi — Vi — 1715
iy = f( T ”) (50)
Vi — il s
;= f<%> (51)
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N
j=1,j#i
Another component that is added to the detailed model is the switch model that
causes the nonlinear behavior of the converter. Each bridge in the switch is operating with
a constant duty cycle of 50%, so a square-wave voltage is generated and transferred to the
multi-winding transformer. The current flowing from the multi-winding transformer is

demodulated and transferred to the port. By combining (50), (51) and (52) with the LSM

equation of any port, the complete detailed model is obtained [24].

Vin Ci==

3e
g

Filter

Switches

Equivalent delta circuit

Figure 19. Detailed model of multiport converter.

2.4 Filter Design for the Multiport Converter
Adding a filter to a power converter is essential to attenuate the switching harmonic
that appear at the output. The filter also provides protection to the converter and the load

from transients in the input voltage which improves the reliability of the system. Several
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topologies have been developed for designing filters for DC-DC converters. One of the
simplest and most common design is a single stage LC filter. In this section, a mathematical
equation is derived for obtaining the minimum L and C based on the required voltage and
current ripples. The objective is to have a compacted size of L and C while obtaining an
acceptable ripple and without affecting the stability of the system.

In steady state analysis of multiport DC-DC converter, the voltage and current
waveforms can be obtained by applying two circuit analysis principles: inductor volt-
second balance and capacitor amp-second balance [40]. The inductor volt-second balance
states that the average voltage across an ideal inductor must be zero when the current
reaches steady state. The capacitor amp-second balance states that the average current
through an ideal capacitor must be zero when it reaches steady state. As a result, by
obtaining the average inductor current and capacitor voltage through one switching period,
the values of L and C can be calculated. The inductor current and capacitor voltage
equations can be further simplified by introducing the concept of small ripple
approximation. Both equations contain DC components and switching ripples at switching
frequency combined by its harmonics. By assuming that the inductor and the capacitor are
well designed, the switching ripple magnitude is very small compared to the DC
component, so it can be ignored [41].

In the multiport converter under study, applying the small ripple approximation
yields zero inductor ripple current since the voltage remains constant throughout the
interval regardless of the size of the inductor size [42]. However, physically, although the
current ripple of the inductor is small compared to the DC component, it cannot be

neglected. In order to better approximate the ripple current, the concept of total flux
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approximation is applied [43]. This concept uses the capacitor voltage ripple to accurately
estimate the ripple current. Figure 20 shows the voltage and current waveforms of the
inductor without DC component [42]. The waveforms are obtained by using the total flux
approximation where it is assumed that the ripple voltage of the inductor is caused by the

capacitor ripple voltage.

v(t)

A'Ui
/7\ ] t

i;(t) ‘
I e

: AN >

Figure 20. Inductor’s voltage and current waveforms.

The total flux A in the positive part of the inductor voltage is expressed as
A=LAi (53)
The shaded area under the triangle is given by

_1TAv (54)
22 2

Substituting (53) in (54) and solving for L, the relation between the inductor and the
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ripple current becomes

Avi T
L= -
8All’

(55)

In the detailed model of the multiport converter, the connection between the LC filter and
the converter is illustrated in Figure 19. The switches can be replaced by average ripple

current as shown in Figure 21.

Aij
2 L;
> nYm
+ -
VL
ZSource
Alg l——+% Cq’ Ai;
ESﬂurce 2 -2 2

Figure 21. Ripple current circuit.

To simplify the analysis, it is assumed that L and C are large enough to attenuate
the ripples to an acceptable value. Under this assumption, the capacitor is considered as a
short circuit when analyzing ripple voltage, and the inductor is considered as an open
circuit when analyzing the ripple current [44]. As a result, the inductor in Figure 21 acts as
a short circuit when analyzing the ripple current so Ai, = Ai; and the ripple voltage is

given by
Avi = — (56)

The average current ripple is expressed as
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Aii: _l

(57)

Using the average current equation in (18) and by substituting in (57), the minimum

capacitance can be calculated

Jj=1,j#i

By using the operating points of the system ¢4,, ...,

¢15 and by specifying the ripple

voltage and current values, the minimum value of L and C can be obtained. In order for the

filter to operate properly, the following condition must be satisfied.

1
— K f
2T W’LiCi s

(59)

Table 3 shows the selected values for the LC filter for the five-port converter under study.

The ripple current is set to 10% of i, ...,

is and ripple voltage to 5% of v, ... vg

Port type C (mF/pu) L (mH/pu)
UG 0.6/36.3e-3 0.9/0.015e-3
BESS 0.25/1e-3 0.62/0.6e-3
PV1 0.12/0.8e-3 1.2/1.5e-3
PV2 0.45/1e-3 0.2/0.7e-3
PV3 0.17/0.9e-3 0.53/0.9e-3

Table 3. Selected inductor and capacitor values.
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2.5 Summary

In this chapter, the operation and characteristics of multiport converter is discussed.
The operating waveforms of a DAB converter is presented and used to derive the
generalized form of the average current and power equations. The equivalent circuit of the
multi-winding transformer is illustrated, and a simulation is carried out to demonstrate the
power transfer between the ports by varying the phase angles. In addition, the large-signal
model for each port is obtained and the equivalent circuit for each port is presented. The
linearization of the large-signal model is done in order to derive the small-signal model
which is used to build the state space representation of the five-port converter. Moreover,
the detailed model which includes the winding resistance of the multiwinding transformer
and the switching model is presented. Finally, an LC filter is designed, and the equations

for calculating the minimum inductor and capacitors values are derived.
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CHAPTER 3: MULTIPORT CONVERTER CONTROLLER

To ensure a stable operation of the converter is maintained regardless of the
operating conditions and to guarantee fast and stable recovery in transient event, a closed-
loop control system is required. A non-linear system such as the multiport converter system
can be either controlled using a non-linear controller such as sliding mode controller [45]
or using a linear controller such as PID controller [46], and state feedback control [47].
Linear controllers are easier to design and provide better performance if the linear model
is obtained accurately.

Before selecting the linear controller, the non-linear model of the multiport
converter must be linearized around an operating point. P1 controller is commonly used in
various DC-DC converters such as buck, boost, and buck-boost converter due to its simple
design and implementation [48]. However, it has low robustness especially when the
system encounters disturbances which compromises the transient response of the system.
Moreover, Pl and PID controller is typically used in single-input single-output (SISO)
systems. State feedback control overcomes some of the disadvantages of PID control such
as providing a better dynamic response under disturbance, and it is applicable for multi-
input multi-output (MIMO) system such as the multiport converter under study. The
transient response (specifically the overshoot) is an important factor that must be taken into
consideration when designing a controller to provide better protection for the physical
system. To enhance the overshoot response of the system, a non-overshooting controller is
introduced which is capable of eliminating the overshoot and provide a smooth response
[49].

This chapter will study the design and simulation of state feedback control using
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the linearized model obtained in Chapter 3. The control system is then applied to the five-
port system on Matlab/Simulink. In addition, non-overshooting control is introduced and
applied to the closed-loop system, and the result is discussed. Finally, two fault scenarios
are simulated to evaluate the system response under fault conditions using optimal
controller and non-overshooting controller.

3.1 State Feedback Control

In the state feedback control, the objective is to find the feedback gain from a linear
combination of the state variables. There are two approaches for designing state feedback
control depending on the available states [50]. The first approach assumes that all the states
are available. In this case, the control law can be obtained and directly applied to the
system. This approach may not be valid for most real-life applications where there is no
accessibility for all the states of the system. In such systems, the second approach is more
valid which includes designing an observer to estimate all the states using parameters from
the output. In the multiport system under study, all the states can be measured which can
simplify the process of obtaining the control law.

The general state space representation of the five-port system was presented in
Section 2.3.3. This representation can be re-arranged according to the design requirement.
Since the UG input voltage (v;,,;) and the BESS input voltage (v;,») are not controlled by
the designer, they are considered as known constant inputs to the system. The selected
trackable references are i,,is, i, and is which are BESS, PV1, PV2, and PV3 current,

respectively. The modified state space representation is given by

x(t) = A%(t) + Bi(t) + Ew (60)
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In order to design a robust state feedback control with adequate disturbance
rejection capability, there are two problems that must be solved: the regulator problem and
tracking problem. The regulator problem arises when a disturbance such as sudden change
in the load current or the BESS voltage causes the system to deviate from its initial
condition. It requires a state feedback gain to set the deviation to zero and force the system
to die out at the desired value. The tracking problem is related to designing state feedback
at which the output y(t) tracks the reference input y, as t approaches infinity. In addition
to the state feedback gain K, feedforward integrator gain K, is added to reduce the steady
state error. Figure 22 illustrates the state feedback system for the five-port converter. The
control system consists of the state feedback model and the non-linear detailed model of

the converter [24].
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Figure 22. The control system for five-port converter.

The closed-loop system with the integral state feedback controller is described by

I:Eg =% ol xgg] +[o] 2@+ [g] @+ (61)
s =lc 0l (62

where
a(t) = [-K K, [ggg (63)

The error signal dynamics is given as
q(t) = ya = y(t) (64)
Since all the states are available in the multiport system, we can proceed to the next
step which involves checking the controllability of the system. In order to design a state
feedback control capable of adjusting system parameter such as settling time, overshoot

and steady state error, the system must be controllable. A system is considered to be
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controllable if there exists an input which transfers the states of the system from the initial
state to the desired state in a finite time interval [50]. Mathematically, the system is said to
be controllable if the following condition is satisfied
rank [B AB ..A"B]l=n

In order to stabilize the system and obtain the required response, the feedback gain
K must be selected. The common technique for assigning the gain matrix K is by using the
pole placement approach where a set of poles are selected that will correspond to the
dynamic response of the system. A more effective method for assigning the gain matrix is
to optimally assign it using Liner Quadratic Regulator (LQR) [51]. In LQR, the goal is to

minimize the quadratic cost function J given by
] = j (xTQx + uTRu)dt (65)
0

where the weighting matrices Q and R impose a tradeoff between the variation of the
states from the origin and the control effort respectively. The solution to this optimal

system can be found from
K=R'BTP (66)
Where P is a unique positive definite solution to the Riccati equation given by
PA+A"P —PBR™'B'TP+Q =0 (67)

The solution of this equation can be simply obtained on Matlab using lqr command. The

gain matrix obtained here represent both the feedback gain with K™ and K;**"* . For the
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five-port converter under study, the weighting matrices are selected as Q =
diag(1,1,1,1,1,1,1000,1000,10,200,500,200,2000) and R = Iy4.
3.1.1 Simulation Result

The simulation is run for three modes to illustrate the response of the system under
different conditions. The selected trackable inputs are i,,i;,i, and is. The UG desired
current value represents the summation of i, ..., is. Figures 23-24 show the current of all
the ports for the different modes. The figures show the output starting at 20 sec because it
is assumed that the system is run under steady state condition before the variation in the
desired output is applied. In the first case, the desired output is set to y; = [0.2019 —
0.0308 —0.1298 — 0.2009] where the three PV units are supplying the BESS and the
UG at different power rates. This case represents the converter operation during the
daytime. At 30 sec the new desired output is set to y;, = [0.1019 — 0.108 — 0.2 0]. In
this case, it is assumed that PV3 is not able to supply any current to the system so is is set
to zero. At 50 sec the system is operating during night time where only BESS is supplying
the UG, and all the PVs are off. The desired value in this case issetto y;3 = [-0.2 0 0 0].
The steady state error in UG current is due to numerical error caused by the solver used in
Simulink. Figures 25-26 show the voltage of each port under the variation of the desired
output. The voltage remains constant at 1 pu throughout the simulation. At 20 sec and 40
sec the desired output is changed, the voltage oscillates for around 5 sec before is settles to
1 pu. The voltage ripple can be enhanced by selecting the larger capacitor, but the response

of the system will be slower.
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3.2 Non-Overshooting Controller

In the previous section, an optimal controller was designed for the state feedback
system. It is noted that during the transient response, there is a high overshoot. The reason
for that is there are modes which are appearing in the output that are contributing to the
overshoot of the system. The objective of the non-overshooting controller is to have only
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selected modes to appear in each output by using eigen-structure assignment for MIMO
system [52]. The method includes combining the closed-loop eigenvalue and eigenvector
to obtain the state feedback gain. MIMO system provides the flexibility of obtaining
multiple sets of eigenvectors without varying the closed-loop eigenvalues. The non-
overshoot step response is then achieved by distributing the stable modes evenly where
each component of the tracking error has one exponential non-overshooting mode [49].
The system in (61) is used to design a control law such that the output tracks the desired
output accurately without overshoot.

The number of modes that appear in each element of the output signal y(t) depends

on the invariant zeros Z = {z,, ..., zs_jp} Of the system where i = n + p. For a system with

i — Ip invariant zeros, the selection of the closed-loop eigenvalues L = {4, ..., 15} is done
based on the number of the invariant zeros of the system where A; = z; fori € {1, ..., —
Ip} and the remaining eigenvalues A; can be selected as any real asymptotical stable
modesi € {1,....,1 —Ip}. LetS = {sy, ..., sp}, s; € RP, such that

0 fori€efl,..,n—Ip}

e forie{i—Ilp+1,.,A—-Ilp+1}
. (68)

e, forie{i—1+1..17}
where e;,i = 1, ..., p are basis vectors in RP. In order to calculate the gain matrix, the

following matrix equation

[A Al B] ] [] (69)
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is assumed to have a solution sets V = {vy, ...,va} € C*and W = {wy, ...,wy} fori €
{1, ....,7}. Giving that V is linearly independent, a unique feedback gain K, is obtained

such the fori € {1, ..., A},

(A + BKC)UL' = livi (70)
(C + DKC)vi =S (71)
By using Moore algorithm in [52], the feedback gain matrix is calculated as

K.=wyv- (72)
v.
For i € {1,....,n—Ip}, the solution of the matrix [Wl.] is the null space of the
L

A—Al B

c D] where A; = z;. After obtaining the gain matrix, the

Rosenbrock matrix Py [

following steps are done to verify that the gain matrix obtained in (72) is capable of
eliminating the overshoot and provide a good transient response. For k € {1, ..., p}, let
Vk1, Uiz, -, Vkp D€ the eigenvectors in V associated with the canonical basis vector e, and
let A1, Ak2, .-, Akp be the corresponding eigenvalues ordered such that Ayq < Ay, <
o A -
The system in (61) can be re-written as
%:(t) = Agx.(t) + B,u(t) + D, (73)
Y@ =1[C 0]x.(t) = Coxc(t) (74)

where x.(t) = [£(t) G)]", Dy = E;W + yq, Ag = [_AC 8] B, = [lg] Eq = [g]

i(t) = [-K Ku] x.(t) = K. x.(t)
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The closed-loop system is given by

t
x:(t) = eMtxgy + f eAt=Dp dr = eftxyy + e4tA"1D, — A71D, (75)
0

The state transition matrix can be written as e4t = VeV =1 where Aisa diagonal
matrix with the eigenvalues 4, ..., 4; on the diagonal. Therefore,
x.(t) = VelrtV=lx,, + VerV—tA~1D, — A"1D,
T ”
Now let a = [a1 e Op_ppy Qqq e Qg Qg oo ap,l] =V 1x,and g = V-1A71D,.

Giventhat C,v; = s; fori = 1, ..., 1, the output y(t) can be described as

n n n
/0= canaie+ Y cange =Y s
i=1 i=1 i=1

(76)
l
= (A et 4 D
€i—(a-1p)Yi€
i=fn—-Ilp+1
wherey; = a; + f;and D = — Y™, C,v ;.

In the five-port system under study, the total number of invariant zeros is one which means
that i — Ip = 1, where i = 13,1 = 3 and p = 4. The remaining 12 closed-loop poles are
selected within this range [-10,-100]. Therefore, in each output, three different eigenvalues
are appeared.

Let ; < A, < A3 and define

f(©) =yie™t +yze’at +yzelst
In order for the system to not have an overshoot, there should be no sign change in the
function £ (t) and that is achieved in the following conditions:
I ¥1.¥2 > 0,y1.¥3 < 0,and |yy +v2| > lysl;

. ¥2.v3>0,¥71.72 < 0,and |y, > |y, +vsl;
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. (@) y1.73 > 0,¥1.72, < 0,and |y;| > |y1 +v3l;

IV. (D) ¥1.¥3 > 0,y1.¥2, < 0, |y2| > |lys +ysland t* > 0and |g.(t7)] =

vy +v2 + 73l

where

. 1 (V1(Az - /11)>
t" = In
As— A4 Y3(43 — 43)

9e(6) = 1a(1 = e 45 (1 — e

3.2.1 Simulation Result

The system is simulated using the non-overshooting controller under the same three
operating modes used in the optimal controller and the output of both controllers are
compared as shown in Figures 27-30 . It is noted that for i,, ..., is, there is a big reduction
in overshoot when applying the non-overshoot controller. When using the optimal
controller, the overshoot reaches to approximately 30% in i, and 15% in i, and the settling
time is approximately 20 sec for i,, i3, and i,. However, when using the non-overshooting
controller, the maximum overshoot is at approximately 1% and the settling time is around
5 sec or less. In addition, the UG current steady state error has reduced from 0.03 pu to
0.01 pu. The small overshoot that appears in some outputs such as i, and is when using a
non-overshooting controller is due to the fact that the controller is applied to a nonlinear
model. The overshoot could be further reduced by selecting a different set of eigenvalues.
The voltage response has also significantly improved compared to the optimal controller

in terms of overshoot and settling time.
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Figure 27. Current response using optimal controller and non-overshooting controller. (a)

BESS current (b) PV1 current (c) PV2 current.
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Figure 28. Current response using optimal controller and non-overshooting controller. (a)

PV3 current (b) UG current.
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Figure 29. Voltage response using optimal controller and non-overshooting controller. (a)

BESS voltage (b) PV1 voltage (c) PV2 voltage.
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3.3 Summary
Two methods were used to obtain the feedback gain: the optimal control and the
non-overshooting control methods. The flexibility of distributing selected modes among

the output components when using the non-overshooting controller helped to attenuate the
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overshoot response of the system. Both controllers were implemented to compare their
responses when different operating modes were applied to the system. The voltage and
current responses of the system illustrates how the non-overshooting controller has
improved the overshot response compared to the optimal controller.
3.4 Fault Analysis for Multiport Converter

One of the main challenges of designing a multiport system is fault management.
Faults in DC systems are considered to be extremely challenging due to the absence of
zero-crossing in DC current, the high over-current and the fast transient that could lead to
severe damages to the equipment [53, 54]. In order to design a reliable multiport converter,
it is important to study the natural response of the system under fault condition. Generally,
a fault in the multiport converter system goes through three main stages: pre-fault, during

fault and post-fault stage. During these stages, the actions which are illustrated in Figure

31 occur [55]:
Pre-fault During fault Post-fault
1 | 1 1

Fault Detection System Recovery

Figure 31. Fault stages in multiport converter system.

where each action is defined as follows:
- Fault Detection: Fault detection algorithm is used to detect any sudden overcurrent
in the system.
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- Fault Location: The faulted port is located, and a signal is sent to the circuit breaker
(CB) connected to the faulted port.

- Fault isolation: The CB trips within a few milliseconds to isolate the faulted port
before the fault propagates to other parts of the network.

- System Recovery: After isolating the fault, the system resumes its operation, and
the output power of some of the ports are adjusted to compensate for the power loss
caused by disconnecting the faulted port.

In this work, the main focus is to study the five-port converter’s response in the
post-fault stage where it is assumed that a fault has occurred at one of the ports and the CB
has tripped and isolated the faulted port. This means that the state space model of the five-
port converter that is used for designing the controller will change because the states and
inputs related to the faulted port are removed. As a result, the system will operate as four-
port converter system instead of five. Figure 32 illustrates the control structure used to
analyze the fault response of the system. The switches are used to switch from the controller
designed for the five-port system to the four-port system when a fault is injected to one of
the ports. It is important to investigate the response of the system during this transition and
the ability of the controller to ensure that the desired output is maintained. Two scenarios
are simulated to study the voltage and current response of each port. In both scenarios, the
aim is to ensure that the UG maintains constant power throughout the operation. In order
to achieve this, the ports which are supplying the UG must be able to adjust their power
output when the faulted port is isolated. Moreover, after injecting the fault in the system
for a certain period of time, the fault is cleared, and the faulted port resumes its operation.

The simulations are carried out using both the optimal and non-overshooting controllers to
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compare the performance of the controllers.

== y
by u PRIy !
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Switch Five-Port Switch
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‘ Four-Port ‘

Controller

Figure 32. Control structure for the system with two feedback controllers.

3.4.1 Simulation Result

In the first scenario, the fault is injected in one of the PV ports causing its CB to
trip. The desired value during the pre-fault operation is set to [0.2019 -0.0308 -0.1298 -
0.2009] which represent the BESS, PV1, PV2 and PV3 current respectively. The fault is
injected at port 5 (PV3) at 20 sec, and the faulted port is isolated instantly as shown in
Figures 33-34. It is noted that due to the isolation of port 5, the input power of the BESS is
reduced and most of the output power from PVs is transferred to the UG in order to
maintain the required power. The output current of PV3 goes to zero at 20 sec since it has
been disconnected. The voltage is kept at 1 pu for all ports even after isolating the fault as

shown in Figures 35-36. The fault lasts for 70 sec, and the faulted port is restored at 90
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sec. Comparing the controller’s transient performance in terms of overshoot, when the
faulted port is isolated, the optimal controller provides better overshoot response for both
current and voltage response for all ports except for PV1. The reason is that the non-
overshooting controller was designed for the five-port converter and the four-port converter
separately. As a result, when the fault is injected and the faulted port is removed, the
switching from the five-port controller to the four-port controller causes the non-
overshooting controller to not provide the desired performance. The controller was
designed to operate for a specific system structure throughout the simulation. When the
fault is cleared, and the faulted port is restored, the non-overshooting controller provides
better overshoot response except for PV1. As for the settling time, the current and voltage
responses show that using the non-overshooting controller; the current settles in less than
10 sec while it takes up to 80 sec for some of the port’s current to settle using the optimal

controller.
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Figure 33. Current response to PV3 fault using optimal controller and non-overshooting
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controller. (a) BESS current (b) PV1 current (c) PV2 current.
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Figure 34. Current response to PV3 fault using optimal controller and non-overshooting

controller. (a) PV3 current (b) UG current.
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Figure 35. Voltage response to PV3 fault using optimal controller and non-overshooting

controller. (a) BESS voltage (b) PV1 voltage (c) PV2 voltage.
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controller. (a) PV3 voltage (b) UG voltage.

In the second scenario, the fault is injected in BESS port at 20 sec, and the port is
isolated. In the pre-fault operation, the output power of the PV ports is transferred to the
BESS and the UG. Once the BESS port gets disconnected, all the generated power from
the PV ports is transferred to the UG. The output power of the PV exceeds the amount

required by the UG. As a result, the output current of the PV ports is adjusted as shown in
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Figures 37-38 while keeping the voltage at 1 pu as shown in Figures 39-40. Although, both
controllers are able to maintain a constant supply to UG when the fault is injected, reducing
the PV current causes high noise to appear in the current and voltage response for PV2 and
PV3. The fault is cleared at 110 sec, and the port is restored. The non-overshooting
controller provides a quicker response than the optimal controller both at the time of

isolating the faulted port and once the port is restored.
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Figure 37. Current response to BESS fault using optimal controller and non-overshooting

controller. (a) BESS current (b) PV1 current.
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Figure 38. Current response to BESS fault using optimal controller and non-overshooting

controller. (a) PV2 current (b) PV3 current (c) UG current.

72



BESS Voltage

1.03
— Optimal Controller
——Non-Overshooting Controller
1.02
1.01 - N

Voltage [pu]

0.99
0.98
0.97 -
20 40 60 80 100 120 140
Time [sec]
(a)
115 : PV1 Voltage

—Optimal Controller
— Non-Overshooting Controller

=
=
% + sttt
©
>
0.9
0.85 I I I
20 40 60 80 100 120 140
Time [sec]
PV2 Voltage
1.03 \g
—Optimal Controller
—Non-Overshooting Controller|
1.02 - q
1.01 -
=
=
S 1
&
°
>
0.99 b
0.98 — 4
0.97 I I I
20 40 60 80 100 120 140
Time [sec]

()
Figure 39. Voltage response to BESS fault using optimal controller and non-overshooting

controller. (a) BESS voltage (b) PV1 voltage (c) PV2 voltage.
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Figure 40. Voltage response to BESS fault using optimal controller and non-overshooting

controller. (a) PV3 voltage (b) UG voltage.

3.5 Summary

This chapter presented the closed-loop control system used in the five-port

converter. The state feedback gain was optimally assigned using LQR and a simulation
was carried out for different operating condition to evaluate the controller response. The

non-overshooting controller was then introduced to demonstrate its effect on enhancing the
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overshoot response of the system. In addition, fault analysis was presented to evaluate the
system ability to recover its operation when a fault is injected in the system. Two scenarios
were simulated using the optimal controller and the non-overshooting controller and their

response were compared.
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CHAPTER 4: CONCLUSION AND FUTURE WORK
4.1 Conclusion

Due to the advancement in renewable energy technology, there comes a need for a
system capable of interfacing multiple renewable energy sources with the connected loads.
Using a single converter for each source has proven to increase the cost and reduce the
reliability and the efficiency of the system. This has led to the development of a multi-input
multi-output converter capable of integrating multiple renewable energy sources and
control the power transfer using a centralized controller. Several topologies of high-power
multiport converter were presented in the literature. The converters are classified based on
their power capability, support for bidirectional power flow and the support for adding
additional ports. This thesis focuses on analyzing high-power DAB based multiport
converter to interface utility grid, battery energy storage system, and three PVs.

A generalized average current equation was derived for the DAB converter and
used to obtain the average power equation. The equivalent circuit for each port was
presented and used to develop large and small signal models. In addition, the detailed
model which takes into account the losses associated with the winding resistance and the
switching action was developed. In order to attenuate the harmonics generated by the
switches, a simple LC filter was designed, and a mathematical equation was derived for
obtaining the minimum L and C based on the required voltage and current ripples.

State feedback controller scheme was developed in order to ensure stable operation
of the system. First, an optimal controller was designed using LQR, and simulation was
carried out to validate the controller response. It was noted that the transient response of

the current and voltage suffer from high overshoot and settling time. To overcome this, a
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non-overshooting controller was designed and simulated to compare its performance with
the optimal controller. It was shown that the non-overshooting controller was able to
enhance the overshoot response and the settling time of the current and voltage responses.
Finally, fault analysis was performed to asses the system response under fault. The fault
was injected in the PV port and the BESS port, and the current and voltage responses were
analyzed. It was found that the non-overshooting controller did not perform well in terms
of reducing the overshoot. The reason for that is when a fault is injected to the five-port
system, and the faulted port gets isolated, the feedback loop switches from the controller
that was designed for five-port converter to the four-port converter. Although the non-
overshooting controller was not designed for such cases, it was able to provide much
quicker response than the optimal controller.
4.2 Future Work

The practical implementation of the proposed converter can be investigated to
validate the system response using the proposed controllers under different operating
condition. In addition, the selection of the power semiconductor device and the losses
associated with the switching action can be further studied. Moreover, this work can be
extended by developing maximum power tracking technique using the centralized
controller to extract the maximum power from the connected PVs. The implementation of
the proposed converter in other applications such as electric vehicles can be also
investigated. The fault analysis of the multiport converter can be extended by studying the
type of faults that could affect the system and the protection scheme needed to protect the

system from such faults.
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