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ABSTRACT

Multi-port DC-DC Power Converter
for Renewable Energy Application. (August 2009)
Hung-ming Chou, B.S., National Chiao Tung University
Chair of Advisory Committee: Dr. Mehrdad Ehsani

In recent years, there has been lots of emphasis put on the development of renew-
able energy. While considerable improvement on renewable energy has been made,
there are some inherent limitations for these renewable energies. For example, for
solar and wind power, there is an intermittent nature. For the fuel cell, the dynamics
of electro-chemical reaction is quite slow compared to the electric load. This will
not be acceptable for modern electric application, which requires constant voltage of
constant frequency.

This work proposed and evaluated a new power circuit that can deal with the
problem of the intermittent nature and slow response of the renewable energy.

The proposed circuit integrates different renewable energy sources as well as
energy storage. By integrating renewable energy sources with statistical tendency to
compensate each other, the effect of the intermittent nature can be greatly reduced.
This integration will increase the reliability and utilization of the overall system.
Moreover, the integration of energy storage solves the problem of the slow response
of renewable energy. It can provide the extra energy required by load or absorb the
excessive energy provided by the energy sources, greatly improving the dynamics of
overall system.

To better understand the proposed circuit, “Dual Active Bridge” and “Triple

Active Bridge” were reviewed first. The operation principles and the modeling were



v

presented. Analysis and design of the overall system were discussed. Controller
design and stability issues were investigated. Furthermore, the function of the central
controller was explained. In the end, different simulations were made and discussed.

Results from the simulations showed that the proposed multi-port DC-DC power
converter had satisfactory performance under different scenarios encountered in prac-
tical renewable energy application. The proposed circuit is an effective solution to the

problem due to the intermittent nature and slow response of the renewable energy.
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CHAPTER I

INTRODUCTION

A. Introduction

Due to the environmental problem, e.g., climate change, and political and eco-
nomical reasons, e.g., less dependence on the foreign energy import, high oil price,
renewable energy has attracted enormous attention. Investment worldwide in renew-
able energy has gone from below $10 billion in 1995 to over $70 billion in 2007 [1],
shown in Fig. 1. Since 2000, renewable electricity installations in the U.S., excluding
hydro power, have nearly doubled, and in 2007 there is 33 GW of installed capacity.

Wind power and solar power are the fastest growing renewable energy sectors. In

0

Billion Dollars
&

1995 1997 1999 2001 2003 2005 2007 (est)
Note: Excludes large hydropower.

Fig. 1. Annual investment in new renewable energy capacity [1]

The journal model is IEEE Transactions on Automatic Control.



2007, wind capacity installations grew 45% and solar PV grew 40% from the previous

year [2]. Fig. 2 shows the increase of renewable energy from 2000 to 2007.

: ; Advanced RRLICIRTTIGITE
Hydro Solar PV CsP Wind Geothermal | Biomass Water P Hydropower) Total U.S.
76,946 139 354 2,798 10,676 0 16,545 93,491
0% 18.8% 0% 2.2% 2.6% 0% -1.1% -0.3%
76,911 168 354 2,798 10,576 0 18,171 95,082
0% 20.9% 0% 0% 0.9% 0% 9.8% 1.7%
77,047 212 354 2,798 10,867 0 18,917 95,964
0.2% 26.5% 0% 0% 2.8% 0% 4.1% 0.9%
77,020 275 354 2798 10,856 0 20,636 97,656
0% 29.7% 0% 0% 0.1% 0% 9.1% 1.8%
77,130 365 354 2,798 11,034 0 21,276 98,406
0.1% 32.7% 0% 0% 1.6% 0% 3.1% 0.8%
77,354 479 354 2,828 11,222 0 24,004 101,358
0.3% 31.2% 0% 1.1% 1.7% 0% 12.8% 3.0%
77,419 624 365 2,831 11,654 0 26,939 104,368
0.1% 30.3% 0.3% 26.9% 0.1% 3.0% 0% 12.2% 3.0%
77,432 874 419 16,818 2,937 11,738 0 32,786 110,218
0% 40.1% 18% 45.3% 3.7% 1.6% 0% 21.7% 5.6%

ET .

- annual decrease |

annual increase +

Fig. 2. Renewable electricity nameplate capacity(MW) and percent cumulative in-

crease from previous year [2]

As great advance in renewable energy has been made, the price for electricity

produced with renewable energy drops. The national average electricity price is about

10 cents per kWh. From Fig. 3, the price for certain kinds of renewable energy is lower

than 10 cents per kWh [2]. As the cost of conventional energy resources is increasing

every year, the receding trend in the cost of renewable technologies is encouraging,

making renewable energy an economical means of power generation in the near future.

Renewable energy technologies not only can solve the climate change and reduce

the dependence on foreign energy import, it is also suitable for distributed power

generation. In remote areas, where there are no transmission lines or the cost of

building new transmission lines is high, renewable energy can provide power without

expensive and complicated grid infrastructure. Distributed power generation system



90 - 24-86
80 -
70 -
60 -
50 -
40 - 21-38
30 -

20 - 12-17 .
.85  55-10 4-12

S 2-10

" o wm D m

AP AL P
S o &

1835

Cents per kWh*

w
==}

&

Fig. 3. Price range of renewable electricity by technology [2]

has several advantages [3].

e It can reduce or avoid the necessity to build new transmission/distribution lines

or upgrade existing ones.
e [t can be configured to meet peak power needs.

e [t can diversify the energy sources and increase the reliability of the grid net-

work.

e It can be configured to provide premium power, when coupled with uninter-

ruptible power supply (UPS).

e It can be located close to the user and can be installed in small increments to

match the load requirement of the customer.



B. The Importance of Energy Storage

In spite of the advances made in renewable energy, there are some inherent
problems. One is the intermittent nature. The output power from renewable energy
sources is not constant. Another problem is slow response compared with electric
load. Electric loads may change their power demand in very short time. However, it
takes much longer time to change the output power from renewable energy sources.

A unique feature of renewable energy application is that renewable energy sources
are operated in their optimal operating points. Since the cost of implementing renew-
able energy sources is high, it is desirable to get as much power as possible from the
renewable energy sources. Maximum power points is tracked during the operation.
Therefore, the power output from these sources tends to be constant, no matter how
much the load power is. This concept is like hybrid vehicles. The engine, which pro-
vides power to a electric motor, is operated at its optimal operating point, no matter
how much power the electric motor requires. The difference between the power com-
ing from the engine and the power required by the motor is compensated by energy
storage.

The following subsections will describe several examples and show the importance

of energy storage in renewable energy applications.

1. For Wind Power

Fig. 4 shows the characteristics of wind turbines for different wind speeds (v)
[4]. The X-axis is the rotor speed of the wind turbine, while the Y-axis is the power
extracted by the wind turbine. It can be seen that for a given wind speed, there is
one operating point, where the power output is maximum. For example, if the wind

speed is vy, the rotor speed of the wind turbine is controlled to be w; so that the power



from the wind turbine is maximum. This is the optimal operating point at which the

wind turbine is controlled to operate. This is called maximum power tracking. There

Pln
A

V37 Vo vy

>

b}

» Oy

O, O,

Fig. 4. Characteristics of wind turbines [4]

are two dynamics encountered in the wind power application. Firstly, if the wind
speed is constant, the load power is changed , for example, from 1000 W to 500 W.
Since the wind turbine is producing 1000 W, if there is no energy storage, the rotor
speed had to be reduced such that the output power from the wind turbine is 500
W. However, it may take longer time for the wind turbine to adjust its rotor speed
because of mechanical dynamics. Also if the rotor speed is changed, the operating
point of the wind turbine would not be optimal, wasting the capability of the wind
turbine. However, if there is energy storage installed in this system, the wind turbine
can still produce 1000 W while the load power is 500 W. This extra 500 W will go to
the energy storage. Therefore, with energy storage, the wind turbine can be operated
at its optimal operating point even if the load requires different power.

Another dynamics is that the wind speed changes while the load power is con-
stant. For example, when the wind speed changes from v; to v, the power from the

wind turbine increases. If there is energy storage, this extra power will go into the



energy storage while the same power is supplied to the load. Therefore, with the
energy storage, the load can be supplied constant power even if the wind speed is not

constant.

2. For Solar Photovoltaics

Fig. 5 shows the characteristics for solar photovoltaics [4]. The X-axis is the
terminal voltage of the photovoltaic cell while the Y-axis is the power output of the
cell. It can be seen that for a given solar irradiance, there is one point, where the
output power is maximum. The power electronics is controlled such that the terminal
voltage of the solar photovoltaic is the voltage where the optimal operating point is.

Just like wind turbine, the dynamics of the load and the photovoltaics require the

800 -
700

800

power[W]
3

voltage [V]

Fig. 5. Characteristics of photovoltaic [4]

usage of energy storage if we want to operate the solar photovoltaic in its optimal
operating points. Then energy storage will provide the deficit power and absorb the

excessive power of the system.



3. For Fuel Cell

Fig. 6 shows the characteristics for fuel cells [5]. It can be seen that there is a
point where the efficiency is maximum. This is the operating point at which we want
to operate the fuel cell. At this operating point, the output power from the fuel cell
is fixed. If the load power is changed, the energy storage will compensate the power

difference without changing the output power of the fuel cell.

Net Current Density (Afcm?)

Fig. 6. Characteristics of fuel cell [5]

Because of the electrochemical reaction, the time to change the output power
of the fuel cell is long compared to the dynamics of electric loads. Energy storage
is needed to provide the rest of the load power. The usage of energy storage will

increase the dynamics of overall system.

4. On Energy Storage

There are many different types of energy storage, including battery, super-capacitor,
flywheel, SMES, hydrogen, compressed air, to name a few. In this work, instead of

batteries, super-capacitors are used as energy storage because they have:

e higher power density



e linear relationship between its state-of-charge and its terminal voltage
e longer life
e faster response.

However, the price of super-capacitors is expensive. How to reduce the requirement
of energy storage is vital to reduce the cost of the system. One way to reduce the
requirement of energy storage is by integrating different renewable energy sources
that can compensate with each other so that the energy storage does not need to
provide the whole load power for a long time. This concept will be discussed in the

next section.

C. Concept of Hybrid Distributed Generation System

Hybrid distributed generation system (HDGS) has gained attention in recent
years. This system integrates different kinds of renewable energy sources to increase
the overall stability and utilization [6].

A secure supply based on only one renewable energy source requires a substantial
energy storage. The reason is that the renewable energy is not available during some
period of time. For example, the photovoltaic cells produce zero power during the
night or little power during the cloudy day. Wind energy may not be available if
the wind speed is under certain speed, under which the wind turbine can not extract
energy from the wind. If the system has to provide the power to load during the time
when renewable energy source produces little power, the only way is to use the power
from the energy storage.

If two or even more different renewable energy sources are integrated, the storage

capacity requirement would be greatly reduced, since the fluctuations of these two



renewable energy sources may have a statistical tendency to compensate each other.
For example, solar power is high during the day, while the wind power is high at
night. Combining these two sources will approximately produce a constant power to
the load during the entire day.

Another example of HDGS is the integration of photovoltaics and fuel cell. Since
the output power of photovoltaics depends on the solar irradiance. Solar irrandiance
varies during the day. In order to have a constant power output, the output power of
fuel cell is adjusted according to the output power of photovoltaics. In this way, the
total power from the photovoltaics and the fuel cell will be the same even though the
solar irradiannce is not constant. Therefore, a combination of photovoltaic and fuel

cell forms a good pair for HDGS application.

D. Benefits of Multi-port Converter

There are two ways to integrate different renewable energy sources and energy
storage. The conventional way is to use a common DC bus. Separated DC-DC power
converters are used to connect different renewable energy sources to the DC bus. Fig.
7 shows the conventional structure.

However, there are several disadvantages for this structure. First, there are more
power electronic devices, resulting in higher cost. For each renewable energy source,
there has to be a DC-DC converter, which connects the renewable energy source to
the DC bus. Also, there are more conversion steps. The power is transformed from
DC to DC, then from DC to AC if the load is AC load. The efficiency is lower because
of more conversion steps. Another problem is related to voltage levels of renewable
energy sources. If the voltage levels for different renewable energy sources are quite

different, and the DC bus voltage is much higher than that of the renewable energy
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battery DCMC
AC
fuel cell DC/DC = 1csd
DCAAC =
photovoltaic DCDC
wind turbing ACMDC

Fig. 7. Conventional structure of integrating renewable energy sources

sources, the DC-DC converters are operated in extreme case, where duty ratio is closed
either to 1 or 0. In this operating point, the efficiency of the DC-DC converter is much
lower than that when operating in normal case. The last issue is about control. In
the conventional structure, the control is separated. The controller only controls the
DC-DC converter without considering the overall system performance. Although this
control is easy, there should be a central controller such that the power management
can be achieved, and the interaction between the renewable energy sources, energy
storage and load can be taken care of.

Another way of integration is by using multi-port power converters. The multi-
port power converter will connect all renewable energy sources and energy storage.
Some ports are bi-directional if they are connected with energy storage, while some
are uni-directional if they are connected with energy source. Fig. 8 shows one of
the applications of the multi-port DC-DC power converter. This converter integrates

fuel cell, photovoltaic cells, energy storage and the load. If the load is AC, an extra
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inverter is needed to convert the DC power into the AC power.

Multi-port Inverter
DC-DC

Power
Converter :-

Fig. 8. Application of multi-port DC-DC power converter

In this multi-port DC-DC power converter, there will be fewer power devices,
which means the cost of the power converter will be lower than that of the conventional
one. Also, the conversion steps are minimized, resulting in higher efficiency. Due
to the presence of the transformer in some circuits, electric isolation is available,
which is important for safety. With the turn ratio of the transformer in certain
topologies, it will be more efficient to integrate different renewable energy sources of
different voltage levels. Finally, there is a central controller. The controller not only
controls the individual switches, but also manages the whole system. For example,
the controller may give the increase power command to the renewable energy source
in order to charge the depleted energy storage. Another example is the controller can
control the switch to perform the "Maximum Power Point (MPP)” tracking for the
photovoltaic cell such that the output power is maximum at any operating points.

The central controller will enhance the overall performance of the system.
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E. Previous Research Work

The concept of multi-port DC-DC converter has been discussed in several papers.
Sachin Jain and Vivek Agarwal [6] and A. Di Napoli, et al., [7] connect different
renewable energy sources in parallel across a common DC bus. Another method
to connect different sources is by using series connection [8]. In this work, the AC
voltage produced by the wind turbine is rectified by a uncontrolled rectifier. This DC
voltage is connected in series with the DC voltage of PV generators. The combined DC
voltage is the input to the PWM voltage source inverter to provide power to AC loads.
Another method of integrating sources is by adding the flux in the multi-winding
transformer [9]. In this circuit, there are two current-source input stage circuits,
three-winding coupled transformer and a common output stage. These components
are connected around the transformer. Magnetic flux addition is used to transfer
power to the load.

However, the above topologies are uni-directional and suitable for low power
application. For renewable energy application, the circuit has to be bi-directional
to integrate energy storage. Also the circuit has to be for high power application.
Therefore, there are some literatures proposing other topologies. There topologies
is based on the two-port circuit proposed by Dr. Doncker [10], where the power
transferred is controlled by phase difference of switching signals. This circuit consists
of two sets of full-bridge circuits. Another version uses two sets of half-bridge circuits
[11], where the number of switches is reduced. Based on two-port topologies, a three-
port circuit, consisting of three sets of full-bridge circuits was proposed by M. Michon,
J. L. Duarte, et al. [12]. H. Tao, A. Kotsopoulos et al. improved this circuit by duty
ratio control to increase the soft-switching operation range and designed the controller

to regulate the load voltage and the input power from renewable energy source. The
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version of half-bridge was proposed by Danwei Liu and Hui Li, where there are three
sets of half-bridge circuits [13]. The concept of the above circuit is quite similar.
The leakage inductance of the transformer is used to transfer power and two phase
differences are used to control the power flowing between the three ports.

However, these literatures didn’t address how to change phase difference properly
to avoid the un- symmetrical current flowing in the leakage inductance, which may
result in the saturation of the inductor. Also, the controller was designed with trial
and error. Some of the models were derived incorrectly for designing the controller.
Moreover, there is no analysis on the stability issue. Moreover, the practical issues,
such as starting of the circuit, influence of dynamic load, the current ripple of renew-
able energy sources, the variation of input power of renewable energy sources, and

large load variance were not addressed in these literatures.

F. Research Objective

In this work, a new kind of multi-port DC-DC power converter will be proposed
in order to integrate different renewable energy sources and energy storage effec-
tively and economically. The proposed circuit will be analyzed, modeled, designed,
controlled, and simulated. Certain issues related to practical application will be dis-
cussed to verify the usefulness of the propose circuit. They will include the stability
of the circuit under different operating points, how to start this circuit without exter-
nal assistance, how to manage the power flow between the source, the load and the
energy storage, how to control to circuit to regulate or control the load voltage while
keeping the input power from the renewable energy sources almost constant under
the influence of the dynamic load, how to maintain a fixed load voltage under the

influence of the variation of input voltage of renewable energy sources, and how to
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integrate current-source like renewable energy sources.

G. Thesis Outline

In Chapter I, the trend in the renewable energy will be discussed. The need for
the multi-port DC-DC power converter will be explained. Previous research will be
described and the research objective of this work will be presented.

Chapter II will review the dual active bridge (DAB). This circuit is the funda-
mental circuit of the proposed circuit. Some description and analysis will be made
and some simulation and design will be performed on this circuit.

In Chapter III, triple active bridge (TAB) will be described. This circuit is an
extension of DAB, and is the predecessor of the proposed circuit. The fundamental
circuit operation will be describe and analysis will be made. Some simulation of this
circuit will be presented.

In Chapter IV, the proposed circuit will be described. The analysis and design
will be performed. The mathematical model of the circuit will be derived. Based on
the model, with some techniques in control theories, the controller will be designed.
Stability analysis will be performed. The central controller will be designed and some
practical issues will be addressed.

In Chapter V, the simulation will be performed for different scenarios encounter
in the context of renewable energy application. Performance evaluation and discussion
will be made in this chapter.

Chapter VI will conclude the entire work and future work will be described.
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CHAPTER II

REVIEW OF DUAL ACTIVE BRIDGE

A. Introduction

High-power-density DC-DC converters have been a hot topic recently, especially
in power supply application, hybrid vehicle, hybrid energy storage system and renew-
able energy. In order to have higher power density, the size of the converter has to be
small. One way to achieve it is by operating the converter at higher frequencies, which
will reduce the size of reactive components, transformers and filters. However, when
the switching frequency is high, the switching losses will be high. There are some
ways of switching that will reduce switching losses. One of them is by soft-switching.
Examples of soft-switched dc/dc converters are the parallel output SRC [14], the
pseudo-resonant converter, the resonant pole [15] and quasi-resonant converters|16].
In this work, dual active bridge (DAB) [10], invented by Dr. De Doncker, will be used
as a building block. Therefore, in this chapter, a brief review of the DAB operation

and analysis will be made and the control and simulation will be performed.

B. Circuit Description

The DAB, shown in Fig. 9, is a DC-AC-DC converter which allows energy trans-
fer between the source and the load. The source side and the load side both are
full-bridge circuits, operated at a fixed frequency. Full bridge circuits have the fol-
lowing features: 1)minimal voltage and current stresses in the devices and 2)minimum
VA rating of the transformer. The two full bridges are connected via a high frequency
transformer. The transformer has several functions. It can integrate different voltage

levels with the turn ratio of the transformer. Also, the transformer provides electrical
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isolation, which may be required by the industry standard. Finally, the leakage in-
ductor of the transformer can be used as an energy transfer element. In every cycle,
a small fraction of energy from the source is stored in this leakage inductor before it
is transfered to the load. The inductance can be added by using external inductors

connected in series with the transformer.
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Fig. 9. Circuit representation of the DAB

The switches of the DAB circuit are operated at a constant frequency. The
switching sequence of the switches on the source side is Sg1554, Ss2553, Sg1.554 While
the switching sequence on the load side is Sp1Sr4, Sr2Sr3, Sr1Srs. The switches
are operated at a fixed frequency and with a fixed duty cycle of 50%. These two
switching sequences do not need to be synchronized. As will be explained later,
the phase difference between these two switching sequences is the important control
variable which can be used to control the power transferred between the source side
and the load side. The switching signal for these switches is shown in Fig. 10.

The equation of the power transferred between these two ports was derived in

Appendix A. Equation (2.1) was obtained by averaging the current flowing out of the
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Fig. 10. Switching signal for the switches in the DAB

source.

P — V;n‘/;)utgb(l . M) (21)
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where ¢ is the phase difference between the two ports.

From this equation, it is clear that the equation is like the power equation in
power systems, where the power transferred is related to source voltage Vj,, the load
voltage V,,;, the inductor L;; and the phase difference. Since the switches on both

sides are switched with 50% duty cycle, the voltage across the primary side and
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secondary side of the transformer are square waves. These two square waves have
different phases and magnitudes. If we disregard the magnetizing inductance of the
transformer, the transformer can be represented as a leakage inductor connecting
these two ports. The following equivalent circuit is shown in Fig 11. The equivalent
circuit is quite similar to the equivalent circuit in power systems, except that the

voltage in this case is square wave.
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R
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Fig. 11. Equivalent circuit of the DAB

If ¢ is positive, source side will lead the load side. From Equation (2.1), the
power is positive, which means the power is transferred from the source side to the
load side. If ¢ is negative, the source side will lag the load side. The power will be
negative, which means the power is transferred back to source side from the load side.

From the Fig 12, which plots power versus phase angle, we can see that when

the angle is 90 degrees, the power transferred is maximum.

C. Phase Shifting Technique

The equation (2.1) calculates the power transferred. Since in nominal cases, V;,,

Vot and Ly, are constant, the power transferred can be controlled by the variation of
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Fig. 12. Power transfer versus phase shift of DAB

phase difference ¢ between the two ports. The higher phase difference, the higher the
power transferred. In typical operation, the output voltage is required to be constant
even though the load changes. In order to regulate the output voltage under different
loads, the phase difference needs to be changed accordingly. A PI controller is used to
generate phase difference command. With this phase difference command, the gating
signals can be generated.

The PI controller continuously generates phase difference command. If there is
no special techniques by which the phase difference is changed, the current in the
leakage inductor of the transformer will be un-symmetric. If this current is large

enough, the transformer will be saturated.
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Therefore, in order to change the phase difference properly, which is called phase
shifting, some algorithm is needed to make the current of the leakage inductor sym-
metric, even though the phase difference command is continuously changing. This
algorithm was invented by Dr. M. Ehsani, which was described in [17].

The shortest transient switching sequence for phase shifting in the DAB, without
causing the leakage inductor current imbalance, has three-step. If a change of phase

difference ¢ in time is At,, the three transient steps of the sequence are:

A = ar, - 20 (2.2)
ALY = At — % (2.3)
AP = Aty (2.4)

where Atgg),Atég),Atég) are the first, second and third steps of a three-step sequence
and At is the original switching time interval. The change of phase difference At,
is divided and distributed in two switching sequences. Figure 13 shows an example
where the phase difference ¢ is changed from 0° to 90°.

In the above example, the phase difference was changed from one value to another
value. However, in the feedback control scheme, the phase difference command ¢
is always changing. The output of the PI controller depends on the controller’s
parameters and the difference between the actual value and the reference value. There
are two problems.

First, since the phase difference command ¢ is always changing, the change in
phase difference command A¢ exists even when the circuit is undergoing the proce-

dure of the three-step transient switching sequence to change the phase difference.
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Another problem is that even though it is not the right time to change the
phase difference, the change in phase difference command A¢ still exists. For proper
operation, the three-step transient switching sequence can not begin until the time
is right. In the example shown in Fig. 13, the right time to begin the three-step
transient switching sequence is when the gating signal is changing. The switching
sequence starts when S5y, is turned on. In other words, the right time is when the

voltage across the transformer changes its polarity. If the phase difference is not
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changed at the right time, it will be hard to maintain the current balance of the
transformer.

To solve these two problems, a specific program was designed. In this program,
"TRANSITION” flag was used to tell the program when the system was undergoing
the three-steps procedure. Another flag was "On-Time” flag. This flag told the
program when was the right time to start the three-steps phase shifting procedure.

The program is attached in Appendix B.

phage_new phase_old

18.92 20.00 20008 2016 20.24 20.32 20.40 20,48
Time {ms)

Fig. 14. Signal waveform of phase changing technique with several phase differ-
ence command (a)phase_old and phasenew [degree|, (b)ONTIME flag
(¢)TRANSITION flag (d)SL14

In Fig 14 , there are two phase shiftings: from 45° to 90° and from 90° to 45°. In
the waveforms, phase_old is the current phase difference while phase_new is the new
phase difference. The correct time to change phase difference is when the ONTIME
flag is equal to one. Only when the ONTIME flag is equal to one will phase_old

become phase_new. In this case, phase_new is changed from 45° to 90° at 20ms.
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Since the time is not right, the program will wait until the time is right. As soon
as ONTIME flag becomes one, the program undergoes the three-step phase shifting
procedure. During the transition from 45° to 90°, where TRANSITION flag is equal
to one, the phase_new is again changed back to 45°. The program will block the
change of phase_new since the system is undergoing the transition procedure. The
program waits until the three-step phase shifting procedure is completed. When it
completes the process, and the time is right, the phase_old becomes phase_new, and
the system undergoes another three-step phase shifting procedure from 90° to 45°.
In Fig 15, it can be seen that the phase changing technique is successful even
though the phase is continuously changing. Note that the current on the primary

side and on the secondary side of the transformer is symmetric.
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Fig. 15. Current waveform with continuously changing phase difference command
(a)phase [degree], (b)Iprime [A], (€)Lsecond [Al]
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D. Gyrator Model Analysis

There is another way to analyze the DAB. Gyrator theory, discussed in [18], can
be used in analyzing power converters. It is a very powerful tool. If a switching
circuit is a gyrator, it can be easily analyzed and simulated without considering these
switches. Also, the description of the circuit gained from gyrator models is valid both
in the steady state and transient state. In the following, the gyrator will be briefly

described and the DAB will be analyzed by the gyrator theory.

1. Introduction to Gyrator

A gyrator shown in Fig 16 is a realizable network that couples an input port to
an output port via a gyrastatic coefficient. It has no losses and no storage, and it
transforms one-port network into its dual with its gyration conductance. It can be

described by the following equations:

il = gUy (25)

i2 = —guy (2.6)

where g is called the gyration conductance and has the unit %
If the input power and output power are calculated, we will find they are the

same:
. . . 1.
V18] + Ugly = V11 + (511)(—901) =0 (2.7)

which means there’s no losses and no storage inside the gyrator.
The gyrator converts a network on one port to its dual with respect to the gyrator

conductance on the other port. A voltage source on the input port is converted as a
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Fig. 16. Symbolic representation of a gyrator

current source on the output port. Capacitors are transformed into inductors. Also,
circuits in series on the one port of gyrator are transformed into circuits in parallel on

the other port. All of these transformations can be performed in opposite directions.

2. Modeling DAB by Gyrator

Using the gyrator transformation mentioned previously, DAB can be represented
with the gyrator model, which is shown in Fig 17. The circuit consists of two full-
bridge circuits and the transformer.

Since

P o Mn%ut¢(1 . M

N Nu)le m ) (28>

The input power should be equal to the output power. Therefore

Pout = ‘/out[out (210)

Py =Py =P (2.11)



26

The following is obtained:

L= 2o - 2],
No}le m (212>
:g‘/;mt

From Equation 2.12, the input current of DAB is the product of a constant and the

output voltage. Therefore, the DAB is a gyrator, and the gyrator conductance is

1 18]
= ¢(1-H= 2.1
g Nlekcb( —) (2.13)
,_ﬁ.s
g
Vin = T 3vout

y L&
=

g*¥Vin

Fig. 17. Gyrator model of the DAB

As seen in Fig. 17, with the gyrator conductance the gyrator model of DAB
can be obtained. This circuit is reflected to the load side. The voltage source on the
source side is transformed into the current source with gyrator conductance. This
model is valid for the steady state and transient state.

In steady state, the capacitor is an open circuit, and all the current from the



27

source side is flowing into the resistor. The voltage gain will be

‘/out
Vin

—gR (2.14)

In addition to gyrator theory, there is another method to calculate the voltage

gain. Since
‘/;n‘/;)ut | ¢ |
P = 1—— 2.15
Nu}le Cb( T ) ( )
= & 2.16
2 (2.16)
Therefore
‘/out 1 ‘ ¢ |
= 1-— R=gR 2.17
Vi, Nl =g (2.17)

which is the same as (2.14).

E. Design

In this DAB, some circuit components need to be designed, including switching
frequency, turn ratio, leakage inductance of the transformer, filter capacitor, and the
voltage rating and current rating of the switches.

First of all, switching frequency fs needs to be selected. 5 kHz is selected in this
work in order to have smaller reactive component size and less switching losses.

If DAB is required to supply 120V AC voltage, an inverter is needed, and the
output voltage of DAB needs to be 135V.

From the power equation 2.1

‘/in‘/out ‘ (b |
P = 1——
Nlek¢( m )

the turn ratio, leakage inductance, and the phase difference determine the power
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transferred. Usually, the phase difference is kept around 45°, not near 90° because of
reactive power issue.

As soon as the input voltage, output voltage, switching frequency, and phase dif-
ference are known, the remaining variables are the turn ratio and leakage inductance
of the transformer. Since the smaller the leakage inductance, the large the current
variation flowing in the transformer. Therefore, it is desirable to have larger leakage
inductance. In order to have larger leakage inductance of transformer while main-
taining the same level of power transferred, the turn ratio, as seen from the equation,
has to be small. Therefore, in this design, turn ratio is chosen to be 1.

Based on the required power transferred, the leakage inductance can be deter-

mined according the following equation.

Wn%ut¢(1 B M) (2.18)

L =
T NwP T

Moreover, the current rating and the voltage rating of these switches can be
determined. Since the input voltage of DAB is 100V, the voltage rating of the switches
at the input side is 100V. Since the output voltage of DAB is regulated at 135V,
the voltage rating of the switches at the output side is 135V. The current in the
transformer will flow in these switches. Therefore, the current in the transformer is
the current rating of these switches. The magnitude of current will depend on the
phase shift, input voltage, and output voltage. The current is maximum when the
phase difference is 90°. From the Fig.18, the current in the transformer is changing
rapidly from the highest value to the lowest value in half cycle. The magnitude of

the current can be calculated with the following equation:

~ 1 (= Vin = Vou) + (Vin — Vo) } 1
| Iprime |_ 5 L
Ik

(2.19)

where T is the switching period= fi and V, . is the referred voltage to the primary
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Fig. 18. Current waveform at the primary side of the transformer

side which is %

For the filter capacitor size, it can be simplified by three approximations: 1)
the secondary current is like a triangular waveform; 2) all secondary current flows
into the filter capacitor; 3) the direction of secondary current and that of the current

flowing into the capacitor is the same. With the following equation, the size of the



filter capacitor can be found.

QRQ=0CxV
T
2

_Iripple =Cx* V;ipple
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(2.20)

(2.21)

The designed values of all components in this DAB circuit is summarized in Table I.

Table I. Component values for DAB

component

value

input voltage
output voltage
output power
nominal phase
switching frequency
turn ratio
current rating
voltage rating at input
voltage rating at output
leakage inductor

filter capacitor

100V
135V
250W
I
5000Hz
1
S80A
100V
135V
0.0011H
Te-5F

F. Control

The load voltage is related to the power transferred and the power transferred is

related to the phase difference, which can be described as:
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Fig. 19. Feedback control block diagram of DAB

‘/;n‘/;)ut | ¢ |
P= 1— 121
Nlek¢( s )
V2
P = load
R

Therefore, the load voltage can be controlled by the phase difference. In this system,
a PI controller is used to regulate the output voltage under the influence of dynamic
load. In addition to regulating the load voltage, the PI controller can also control the
load voltage Vj,.q to be different value, no matter the load resistance is changing or
fixed.

By using trial and error, the coefficient of the PI controller can be found. Fig 19

shows the block diagram of the feedback system.

G. Simulation

This work used PSIM to simulate the proposed circuit. The reason is PSIM can
incorporate C code into its control circuit with DLL block while in Matlab it is hard
to write this kind of program. Moreover, PSIM has higher simulation speed which
reduces the simulation time greatly.

In the first simulation shown in Fig 20, the output voltage is controlled at three



32

levels. The load voltage is first controlled to be 100V, then is changed to 150V at
t=0.025sec. At t=0.05, the load voltage is changed back to 100V. The load voltage
follows the command, and based on the command load voltage, the phase ¢ changes
accordingly. Even if the ¢ is changing continuously, the phase-shifting techniques work
very well so that the current in the leakage inductor of the transformer is symmetric,

without causing any saturation in the transformer.
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Fig. 20. Voltage control of DAB (a)Vjsq [V], (b)¢ [degree], (¢)licakage [A]

In the second simulation shown in Fig 21, the voltage is regulated at 135V while
the load resistor is changed from 100€) to 80¢2 at 0.5sec. The phase difference is
controlled by the PI controller. Since V4 is regulated at 135V and the load resistance
is decreased, the load power Pj,.q increases at 0.5sec. Again, with the phase-shifting

technique, the current of the leakage inductor of the transformer is symmetric.

H. Conclusion

In this chapter, the dual active bridge (DAB) was introduced and reviewed.

The fundamental principle of operation was described. Gyrator theory was briefly
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Fig. 21. Voltage regulation of DAB (a)Visaa [V],(b)Pioaa [W], (c)¢ [degree], (d)Iicakage
[A]
introduced and the gyrator model was used to facilitate the analysis of DAB. Also the
component designing was performed according to the desired requirement. Finally,
the simulation was performed to validate the design. From the result, it is clear that
DAB can be used as a fundamental building block in the proposed muiti-port DC-DC
converter since it is easy to control the transferred power simply with phase difference
between the two ports. Since a transformer is used in DAB, it is easy to expand from

the two ports to three ports with three-winding transformers, which will be discussed

in the next chapter.
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CHAPTER III

REVIEW OF TRIPLE ACTIVE BRIDGE

A. Introduction

Most of electric loads require constant power input or constant voltage input.
However, the power from renewable energy sources may be changing with the solar
radiation or wind speed. Energy storage is used to provide constant power to the
load.

Also if the load requires different power, it takes long time for renewable energy
sources to change their output power. It requires energy storage to provide or absorb
the power difference between the required load power and supplied power from these
sources.

In order to connect energy storage, one way is to use three-port power converter.
This converter connects the renewable energy source, energy storage and load. The
power converter should be able to satisfy the power demand of the load while main-
taining the renewable energy output power constant. By keeping the output power
of renewable energy source constant, this renewable energy source can be operated at
the optimal operating point, which will have higher efficiency and higher utilization
of renewable energy sources. This concept is like hybrid vehicles, where the engine is
operated at optimal operating point to generate electricity. With the electricity pro-
vided by the engine and the electricity from the storage, the electric motor provides
variable power required by the vehicle while the engine is providing constant power.

Fig. 22 shows the system overview. From this figure, the power flow between
the power converter and the energy storage has to be bidirectional since the power

difference between the renewable energy source and the load is compensated by the
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Fig. 22. System overview of three-port power converter

energy storage. If for some reason the load requires less power than the output power
from the renewable energy source, this extra power will be absorbed by the energy
storage. If the load requires more power than the output power from the renewable
energy source, the deficit power will be provided by the energy storage to the load.
In this way, even if the load power is changing, the output power of the renewable
energy source can remain constant.

The power flow between the power converter and the load can be uni-directional
or bi-directional, depending on the application. For some applications, the load will
send energy back into the converter, such as in the regenerative braking in hybrid
vehicle. In most cases, uni-direction will be sufficient.

In this chapter, two kinds of three-port active bridges will be presented, including
full-bridge and half-bridge. Their operation principles will be discussed and some

simulations will be made.
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B. Circuit Description of Triple Active Full Bridge

Fig.23 shows a three-port full-bridge converter, which is the extension of dual ac-
tive bridge, discussed in previous chapter. This circuit supports bi-directional energy

flow, so this circuit fulfill the requirement presented in Fig. 22.

Fig. 23. Circuit representation of TAB

In this circuit, each of the three ports is full-bridge, operating at fixed switching
frequency and at fixed 50% duty cycle. It will operate with soft-switching capability
under the condition that the voltage on each port remains the same. If the voltage on
any one of these three ports changes a lot, there will be no soft-switching. Therefore,
in this circuit, there is a range for soft switching. Some literatures [19] and [20]
proposed some techniques which change the duty cycle of switches to increase the
soft-switching range. In this work, this circuit will be focused on the overall system
operation and power management, so the switches of this circuit will be operated at

fixed duty cycle.
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As in the case in dual active bridge, the power flow between these three ports
can be controlled with phase difference. The voltages of these three ports are phase
shifted from each other by controlled angles. There are two phases: ®y and Pq.
The former is the phase difference between the source side and the load side, while
the other is the phase difference between the source side and the energy storage side.
If the phase is positive, it means the source side is leading. On the other hand, if the
phase is negative, the source side is lagging. From the previous chapter, it is seen
that the power is flowing from the leading side to the lagging side, just like the power
transferred in power systems.

Basically, this circuit can be viewed as a network of inductors, including the
magnetizing inductance and the leakage inductance of the transformer. This network
of inductors is driven by squared-wave voltages, which have phase differences between
each other. To calculate the power flow between these three ports, the inductances
between these three ports have to be found. The m-equivalent transformer represen-
tation can facilitate this calculation. The equations provided by [21] can be used. Fig

24 shows equivalent circuit.

ny = —N1 (3 1)
lols
[
Ny = —— N, (3.2)
lol
1 1 ._ I 1. L 1.+
Lo=lh+(+-+7) i+ G+ D) (05— (33)
lh b 3 la I3 la 137 I3
1 1 ._ I 1. L 1.+
Lo =[lo+ (7 + 7+ )+ (— + )7 (= + ) —— (3.4)
lh b 3 lh 13 lh l37 13
r 1 1 ._ I 1. L 1.+
Ly =i+ (F+7++ )+ (- + )7 (- + )= (3.5)
lo 1o I3 lo I3 lo 137 I3

LOO - l(] + 13 (36)
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Fig. 24. Primary-referred simplified m-model representation of TAB

where

ly is the leakage inductance of the transformer on the source side

[; is the leakage inductance of the transformer on the load side

[y is the leakage inductance of the transformer on the energy storage side
[3 is the magnetizing inductance of the transformer

N1 is the turn ratio between source side and the load side

N2 is the turn ratio between source side and the energy storage side

L is the inductance between the load side and the source side

Lo is the inductance between the energy storage side and the load side

Loy is the inductance between the energy storage side and the source side

For the design process, usually, Lo, Loy, and L1 are designed. How to convert



these values into [y, lo, and [3 is shown in the following equations.
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(3.7)

(3.8)
(3.9)
(3.10)
(3.11)

(3.12)

(3.13)
(3.14)

(3.15)
(3.16)
(3.17)

(3.18)

(3.19)

(3.20)

(3.21)
(3.22)

(3.23)

As soon as the inductances are found, the power transferred between these three ports
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can be calculated:

Py = N‘fu‘zw $r0(1 — | qb;o ‘) (3.24)
Py = N‘;Ou‘fzo Pao(1 — | ¢;0 |) (3.25)
Pu = g1 - L2 (3.26)
Py = Pio + Pao (3.27)
Py = P+ Prp (3.28)
Py = Pyy + P (3.29)

where

Py is the power delivered from the source side

P, is the power consumed by the load

P; is the power into the energy storage unit

Pyq is the power delivered from the source side to the load side

Py is the power delivered from the source side to the energy storage unit

Py is the power delivered from the load side to the energy storage unit

From the above equations, there are two variables that can be used to control
the power flow. If ¢19 and ¢9y are used as control variables, ¢ will be determined,
which is ¢19 — ¢o9. Therefore ¢19 and @9 control the power flow between these three
ports.

Fig.25 shows the voltage waveforms imposed on the three terminals of the trans-

former. These phase differences ¢1g, @29, and ¢1o are shown in this figure.
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Fig. 25. Voltage generated by the three TAB bridge

C. Circuit Description of Triple Active Half Bridge

The circuit mentioned above is voltage source triple active bridge. The input of
this three-port power converter is voltage source. There is another version of triple
active bridge which is current source version. In this circuit shown in Fig.26, the
source side is current-fed with a boost half-bridge while the load side and the energy
storage side are full-bridge. The input voltage source is connected in series with an
inductor Lg. The boost half-bridge has two functions. One is to boost the low voltage
Vo of source side to high voltage Vpe (= V, + V). The other function is to serve

as an inverter that produces high frequency ac voltage imposed on the transformer,
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whose amplitude is 0.5Vp¢.

Fig. 26. Triple active half bridge

A three-winding high-frequency transformer is used to link these three bridges.
This transformer electrically isolates these three ports. With turn ratio of the trans-
former, the voltages of the three ports can be of different levels. Moreover, the
leakage inductance of the transformer is used as the energy transfer element in the
power transferring process.

In order to analyze this circuit, the following assumptions need to be made.
e The inductance of L is large enough to maintain the current I, to be constant
e All switching devices are ideal
e The output filter capacitors are large enough that Vp¢ is almost constant.

The operation of this circuit is quite similar to the operation of triple active full bridge
described in previous section. The voltages imposed on these three terminals of the

transformer are square wave with different phases, but with fixed duty-cycle. The
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equivalent circuit of half-bridge TAB can be obtained with the same technique shown
in (3.1) to (3.6). By using m-representation of transformer, the equivalent circuit can
be obtained. The same power equation as (3.24) and (3.29) can be derived. Hence
the power flow between these three ports can be controlled by these phase differences,

which are ¢19 and ¢qg.

D. Comparison of Full-Bridge and Half-Bridge TAB

Since the number of power devices in full-bridge TAB is higher than that in half-
bridge TAB, the cost of full-bridge TAB is higher. However the power rating of the
full-bridge TAB is higher than that of half-bridge TAB, since in half bridge version,
the high frequency current has to pass through the capacitors. This will be of great
concern if the current is high. Therefore, for high power application, full-bridge TAB
is more suitable.

However, there is a big advantage for the half-bridge TAB over the full-bridge
version. In the half-bridge version, the renewable energy source is connected to the
circuit through an inductor. Because of the inductor, the current tends to be constant,
provided that the inductor is large enough. With proper design and control, the
output current of the renewable energy, which is also inductor current,will have less
current ripple than that in the case of full-bridge. In the full-bridge TAB, the output
current of the renewable energy source oscillate tremendously, changing from positive
value to negative value. This large current ripple is not desirable for renewable energy
source. Although this big current ripple can be filtered out by connecting a capacitor
in parallel with the renewable energy source, the size of the capacitor will be large
if the internal resistance of the renewable energy source is small. Therefore, the

half-bridge TAB is suitable for the renewable energy application.
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However, there is two major problems in half-bridge TAB. Because the switches
SS14 and SS23 are operated with 50% duty cycle, Vpe, in the steady state, should
be two times of V{, resulting in less flexibility of Vpe choice.

Another problem is about the regulation of Vpc.Since there are only two control
variables ¢19 and ¢qq, it is impossible to regulate the output power of the renewable
energy source P;,, the DC bus voltage Vpe and the load voltage Vj,.q at the same
time. If Vpe is not regulated, the power from the primary side of the transformer F
will consist of two components: the power from the energy source P;, and the power

from the DC bus capacitor Po. That is,
Py = Py, + Po (3.30)

Even it is possible to regulate Py and Vj,.q by controlling ¢19 and ¢, the performance
of the system will degrade, or even go into unstable region if Vp¢ is off its nominal
value. If Vpo is not regulated, Po is not zero. Even F, is regulated, P;,, which is
Py-Pc, is not regulated. This is undesirable situation since we want to regulate the
power from the renewable energy source. In the simulation shown later, it can be
found that the performance is not that good because of certain oscillation in P, if
Vpe is not regulated.

These problems will be solved in the proposed circuit, where the input voltage of

the renewable energy source can be flexible and the voltage of DC bus is regulated.

E. Controller Design

The purpose of control is to regulate the load voltage V¢ and input power
from the renewable energy source P, under the influence of dynamic load. With

two variables to control, there should be two control variables. These two control
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variables in this system are ¢y and ¢9y. Since ¢19 and ¢og both affect the power
going into the load and the power coming from the energy source, the system is
coupled. That is, ¢19 can affect Viyuq and Py, so can ¢9y. In Hao’s paper[19], he
derived the mathematical model of TAB and solved the problem of coupling by using

two controllers with different bandwidth. The following summarizes the work by Hao.

Since

Py

Iy = — 3.31

0= (3.31)
Py

L =— 3.32

L=y (3.32)
P

I, =— 3.33

- (3.33)

(3.34)

The above equations are not linear functions of ¢19 and ¢4, so they should be lin-

earized at the operating point. They can be derived with partial differentiation:

Gor = % | 61006200 (3.35)
Goz = % | 61006200 (3.36)
G = % | 61006200, (3.37)
Gia = 55 Loy omo (3.38)

where ¢19, and ¢q9, are the operating points. By using the above equations, the
change in the current of each port due to the change of these two phase differences

can be represented with the following matrix:

A]0 GOl G02 A¢10
= (3.39)
AII Gll G12 A¢20
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The equation (3.39) can be shown in Fig.27. From this figure, it can clearly seen
that Aly and Al are both influenced by A¢iy and Agoy. When Ay is changed to
obtain certain Al,, Al will also be changed. It seems to be impossible to control

Aly and Al by controlling A¢o and Agog independently.

Ay Gy,

0

? Al
Gy L
A(PZD G12 \_’/' Al

Fig. 27. Transfer function for TAB

1

In order to solve this problem of coupling, the bandwidth of controllers G(s)
and G.(s) are tuned at different values. The bandwidth of G.(s) is much higher
than that of G (s) to minimize the interaction between these two control variables.
Since G(s) has higher bandwidth, which means the system has faster response of the
load variation, the controller is called "master”. On the other hand, the bandwidth
of G.1(s) is lower, which means the system has slower response of the input power
regulation. This controller is called ”slave”.

The work described above was done by Hao. However, he messed up the concept
of small signal and large signal. In his paper, he multiplied the output of the transfer

functions he derived, Al; and Al;, with other transfer function to get Vj,qq and Pj,,



47

shown in Fig 28. Because V.4 and P;, are large signals, they can not be found simply
by multiplying the small signal Al, and Al; with some other transfer functions H,(s)
and V. - Hy(s).

However, Hao’s method of dealing with coupled system with band width differ-
ence of the two controllers can be used in the control of the proposed system, shown

in next chapter.
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Fig. 28. System block derived by Hao

F. Simulation

In this simulation, the parameters of the two PI controllers were found by trial
and error. The purpose was to regulate the load voltage Vj,.q and the input power

P;, under dynamic load by controlling the phase differences ¢19 and ¢o.
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Table II. Component values for full-bridge TAB

input voltage 54V
output voltage 135V
output power 450W
switching frequency 5000Hz
turn ratio ny 7.6
turn ratio ng 0.8

leakage inductor 0.000011H
filter capacitor 5e-bF

energy storage capacitor 1F

1. Simulation for Full-Bridge TAB

Table II shows the component value for this circuit. In this simulation, shown
in Fig 29 and Fig 30, the load resistance changed from 40€) to 202 at 0.1sec. The
load voltage Vi,.q and the input power P, were regulated at 135V and 1kW, respec-
tively. The current of the leakage inductor of the transformer, shown in Fig 30 (b), is
symmetric, meaning that the phase-shifting technique works. The major drawback of
this topology is that the current of the energy source I, is oscillating at a very fast
speed. Although the average value I;;,_4,, was the value that gave the average power
from the energy source, the large variation of current was not desirable for renewable

energy sources.
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Fig. 29. Simulation of full-bridge TAB (a)Vipaa [V], (b)Pin [W], (¢)Pioaa [W]
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2. Simulation for Half-Bridge TAB

Table III. Component values for half-bridge TAB

input voltage 54V
output voltage 135V
output power 450 W
switching frequency 5000 Hz
turn ratio ny 7.6
turn ratio no 0.8
input inductor 1 mH
DC bus capacitor 1 mF
leakage inductor 0.000011 H
filter capacitor 5e-5 F
energy storage capacitor 1F

Table III shows the component value for this circuit. Just like the case for full-
bridge topology, in the simulation shown in Fig 31 and Fig 32, the load changed
at 0.1sec from 40€2 to 20€2. The load voltage V,,q and the input power P, were
regulated at 135V and 1kW, respectively. From the results, the oscillation in P;, was
larger than that in full-bridge case, due to the variation of DC bus voltage Vp¢, even
though the variation was about 10%. Since the DC bus capacitance was not small,
even small variation in the voltage of the capacitor caused the power to be provided
or absorbed by the DC bus capacitor. This power could not be neglected.

Another interesting point is that the current of energy source I;, was not oscil-
lating. It had some current ripple, but not that large. This was desirable for the

renewable energy sources.



Fig. 31.

Fig. 32.

o1

aaaaaaa

0.05 0.10

Time (s)

Simulation of full-bridge TAB (a)Viaa [V], (b)Pi [W], (¢)Pioad [W]

Simulation of full-bridge TAB (a)¢19 and ¢qo [degree|, (b)licakage [A], (¢)Lin
[A]v (d>VDC [V]
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G. Conclusion

In this chapter, full-bridge and half-bridge TAB were reviewed. The fundamental
operating principle was described. The advantages and disadvantages of these two
circuits were elaborated. Also how to control the circuit and why the derivation of
dynamic equation is wrong in other literature were explained. From the simulation, it
can be seen that the concept of TAB is suitable for integrating energy storage in the
system, although there are several disadvantages for both full bridge and half bridge.
In spite of that, the fundamental operating principle is the backbone of the proposed
multi-port DC-DC power converter, which will be discussed in the next chapter. The

proposed circuit will solve the problems encountered in TAB.
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CHAPTER IV

PROPOSED MULTI-PORT POWER CONVERTER

A. Introduction

The proposed multi-port DC-DC power converter is an improved version of the
triple active bridge (TAB). It uses the same operating principle to transfer power as

the TAB. It also has some unique features over other similar circuits:

It can integrate energy storage and multiple sources, whether they are voltage

sources or current sources.

e Under the influence of dynamic load, it can regulate and control the output

voltage while regulating the output power of the two renewable energy sources.

e The central controller of the circuit will start the circuit without external assis-

tance.

e Power management is performed in this circuit and the state-of-charge of the

energy storage is monitored.

e Depending on the current load command, the central controller will change the

corresponding controllers to achieve better performance.

The stability is assured under different operating points.

In this chapter, the operation principles, modeling, analysis, design and control

will be elaborated respectively.
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Fig. 33. Proposed multi-port power converter

B. Circuit Description

The proposed multi-port DC-DC power converter is shown in Fig 33. There
are three parts in this circuit. The first part has three ports which connect to the
source side, the load side and the energy storage side. The source side consists of
two DC capacitors and two switches: SS74 and SSs3. The load side consists of the
load R, the filter Cy and four switches. The energy storage side consists of one
super-capacitor and four switches SLy, SLs, SLs and SLs. This part of the circuit
is of vital importance. It is the only part of the circuit that can transfer power from
one port to the others. The amount of power transferred can be controlled with the
phase difference, ¢19 and ¢o9. The operation principle is the same as that of the DAB
or TAB which were discussed in previous chapters. The only difference is that the
source side is composed of two DC bus capacitors serving as the energy sources. It

is shown in Appendix A that the power equation is the same as that of TAB. The
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power equation for this part of circuit is:

VoW | ¢10 |
P = 1-— 4.1
0= Z (1 - ) (4.1)
VoVa | ¢20 |
Poy = 1-— 4.2
0 =~ dm(1 = 22 (12)
ViV | dan |
Py = 1—--1=—)PF, =P P 4.3
21 wL21¢21( - )FPo 10 + L20 (4.3)
P, = Py + Pis (4 4)
Py = Py + Py (4 5)
where
Vo = 0.5Vpe

V} is the referred voltage of the load side to the primary side.

V5 is the referred voltage of the energy storage side to the primary side.
Py is the power delivered from the source side.

Py is the power going into the load side.

P; is the power into the energy storage side.

Piq is the power delivered from the source side to the load side.

Py is the power delivered from the source side to the energy storage side.

Ps; is the power delivered from the load side to the energy storage side.

The second part of the circuit consists of one voltage source, one inductor, two
switches, SP; and SP,, and the DC bus capacitors. The voltage source can be a
renewable energy source. The function of this part of the circuit is that by controlling
the current of the inductor Ly, the DC bus voltage Vpe, which consists of two DC
bus capacitors, can be regulated. The reason for this is that the DC bus voltage
will decrease while these DC bus capacitors provide energy to the load side and

energy storage side. Therefore the voltage source behind the inductor has to provide
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the proper amount of energy to support the DC bus voltage such that the DC bus
voltage can be kept constant. The reason why DC bus voltage has to be kept constant
will be elaborated later.

The third part is exactly the same as the second part, which consists of one
voltage source, one inductor L, and two switches, SPP; and SPP,. However, the
purpose of the third part is that it will integrate another renewable energy source and
regulate its output power at a fixed value, which is specified by the central controller.
If this renewable energy source is a voltage source, the power from this source can
be controlled by controlling the current flowing in the inductor L;. If the source is a
current source, the inductor L; has to be removed and the power can be controlled
by duty ratio(D) control. The power of the third part can be calculated with the

following equations:

Poi1 = Vip1 - I11 for voltage source (4.6)

Pin1 = (DVpe) - Iina for current source (4.7)

C. Design of Proposed Multi-port Power Converter

There are several components to be designed, including the transformer turn
ratio, the leakage inductor of the transformer, the input inductors, the DC bus ca-
pacitor, the energy storage capacitor, the load filter capacitor, and the current rating
and voltage rating of the switches.

Table IV shows the specs of the proposed circuit, which is given for the design

process.



Table IV. Specs of the proposed circuit

parameter symbol value unit

DC bus voltage Ve 108 Volt
Primary energy source voltage Vino o4 Volt
Auxiliary energy source voltage Vina 50 Volt
Energy storage capacitor voltage Ve 54 Volt
Switching frequency fs 5 KHz

Load Power Pioud 1000 £10%  Watt

Load Voltage Vieaa ~ 155~115 (135)  Volt

Primary energy source power P 1000 Watt
Auxiliary energy source power P 500~50 (300) Watt

1. Transformer Turn Ratios

57

To minimize the current on the leakage inductor of the transformer, the voltage

on both side of the leakage inductor should be the same. This can be seen from the

derivation in Appendix A. Therefore, the turn ratios are:

135
= — =25
= 54
1
N9y = i = 1

2. Leakage Inductance of Transformer

Assume that all the load power is provided by the energy source, not from the

energy storage capacitor. Therefore, Py will be 1000 W. From Equation (4.1), the

smaller the inductor Lqy ,the greater the power transferred with the same phase ¢1q.

However, if the inductor is too small, the current rating of the inductor will be large.
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A trade-off has to be made. Therefore, ¢y is designed to be around 20° when Py is
1000 W. Then Ly can be found to be 30 pH. In the same way, Loy and L5 can be

designed. From Eq. 3.7 to 3.21 , the value of [y, [; and [, can be calculated.

3. Output Filter Capacitor

The current flowing into the load side, which is port 1, has DC value and some
harmonics. To have a constant load voltage, a filter capacitor needs to be connected

in parallel with the load resistor. The conductances of these two components are:

Gcf = —jQWfo (410)
1
Rioad — Rioud (4.11)

To filter out the harmonic current, G¢, should be large enough at frequency f so
that the harmonics of frequency f will flow into the filter capacitor C;. In this way,
there will be DC current flowing in the load resistor, making the load voltage almost
constant. Since the switching frequency f, is 5000 Hz, and R is about 18 €2 when the
output power is 1000W, C is selected to be 1mF such that the conductance of C at

the switching frequency is about 500 times the conductance of R.

4. Input Inductor Lg, Ly

There are two requirements for designing the input inductors. First, the current
ripple of inductor current should be small since the inductor current is the output
current of the renewable energy sources. It is desirable for renewable energy sources
to have small current ripple. However, since the inductor current is also a control
variable controlled by the central controller, if the inductance is too large, it takes a
longer time to change the inductor current, resulting in slow dynamics. There is a

tradeoff to be made.
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Since ”constant-frequency control with turn-on at clock time” current control
method is used, the switching time of the switches is not fixed. It depends on the
current in the inductor. Therefore, the worst case design will be performed. The
worst case is that the switch SP1 or SPP1 are turned on during the whole period. If

the allowable current ripple for I is 1A, the following equations is used:

LO .fs

Al = ) (4.12)

The value of L is designed to be 10mH.
The allowable current ripple for I, is 0.1 A. With the same method, the value
of Ly is 54mH.

5. DC Bus Capacitor Cpe

The DC bus voltage should remain at constant value. In triple active bridge,
there will be some energy in the DC bus capacitor going into the other two ports,
which are the load and the energy storage. In order to maintain the DC bus voltage,
the renewable energy source has to provide the necessary energy to the DC bus
capacitor. In the control mechanism that regulates the DC bus voltage, discussed
in a later section, the energy provided by these energy sources is first stored in the
input inductor Lg. Then this energy will be transferred to the DC bus capacitors by
resonance. However, the resonance time constant is set much longer that the period of
the switching speed of the switch. In this way, the DC bus voltage can be controlled
without going through the entire cycle of resonance. The current in the inductor
remains almost constant with some ripple while the voltage in the DC bus capacitor
is regulated with some ripple. To have a stiff DC bus, the capacitance of the DC bus
capacitors should be larger than the inductance of the input inductors. The ripple of

the DC bus voltage will be smaller than the ripple of the inductor current. Therefore,
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the capacitance of the DC bus capacitors is designed to be 0.1 F.

6. Energy Storage Capacitor

The size of the energy capacitor depends on several requirements: 1) the input
power from the two renewable energy sources, 2) the load power, 3) the allowable
range of voltage for energy storage capacitors. By using the concept of energy con-
versation, the size of energy capacitor can be designed.

The time of proper operation for different conditions can be calculated as follows:

%C(‘/;%zax - ‘/c%nzn)

T —

(4.13)

Piput—total — Poutput — Ploss
Table V shows the duration of operation for different conditions, assuming that Pj,
and P;,; are all constant. No central controller is used to control P;,;. In the table,
if the time T is positive, it means the energy capacitor is being discharged, that is,
providing energy. If the time T is negative, it means the energy capacitor is being

charged, that is, absorbing energy.

7. Current and Voltage Rating of Switches

Because the inductor current in the energy source side is controlled by the current
controller, which will be mentioned in the later section, the current rating of the
switches SP1, SP2, SPP1, SPP2 is related to the current command range. The
current rating of the switches connected to the transformer depends on the current
flowing in the transformer. The current in the transformer depends on the phase
differences and turn ratios. If the range of phase differences is known and the turn
ratios are designed, the current flowing in the transformer can be found. As for the
voltage rating, it depending on the voltage source to which the switches are connected

to. Table VI summarizes the rating of all switches.
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Table V. Operation time for different conditions

‘/load:135 V, Pzn0:1 kW> Pznlzloo W

Proga = 1200W  Peq = 1000W P = 856.8W
T = 7.7088s T = -18.99s T = -5.471s

Woad:155 V, Pm0:1 kW7 Pm1:100 W

Proaa =1582.TW  Peq =13182W  Pypq = 1129.5W
T = 2.0961s T = 4.2252s T = 15.35s

‘/load:115 V, Pzn0:1 kW> Pznlzloo W

Proga = 871.2W  Poq = 725.6W  Plpq =621.7TW
T =-5.892 s T =-3.3108 s T =-2.5222 s

D. Modeling of Proposed Multi-port Power Converter

The reason why modeling is important is that with the mathematical models, the
controller of this power converter can be designed more efficiently, instead of using
lots of trial and error. Also, with the mathematical models, some analysis can be
done, such as stability issues at different operating points. The issue of stability will
be discussed later.

Before modeling the circuit, there is one question we need to ask. What do we
do with this circuit? The purpose of this circuit is to integrate two energy sources,
one energy storage and one dynamic load. What do we mean by integrate? Here is
the problem statement:

Under the influence of dynamic load, the load voltage V., and the
output power from the renewable energy sources P;,, and F;,; are regulated

or controlled.
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Table VI. Voltage rating and current rating of all switches

voltage rating (V) current rating (A)

SP1 Vbe Iro
SP2 Vbe Iro
SPP1 Vbe I
SPP2 Vbe I
5514 0.5 Vpe 150
5523 0.5 Vpbe 150
SL1 Vioad 60
SL2 Vioad 60
SL3 Vioad 60
SL4 Vioad 60
SC1 Ve 150
SC2 Ve 150
SC3 Ve 150
SC4 Ve 150

This problem can be solved by controlling two variables: ¢ and ¢9y. Two PI
controllers will be used for ¢19 and ¢, and the feedback signals are load voltage,Viuq4,
and the output power from the source side, F,. Due to the above requirement, the
mathematical models are needed between the V.4 and ¢19, and between Fy and ¢qg.

In power electronics, state space averaging technique is widely used to derive
transfer functions. However, in this work it can not be applied because the current
of the leakage inductor of the transformer varies substantially. The large variation

of current does not meet the requirement of state space averaging technique, where
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it requires that all the state variables, including the voltage of capacitors and the
current of inductors, should have small variation. Therefore, another method of
deriving transfer functions has to be found.

Because the equation is non-linear, which will be seen shortly, the method of

perturbation and linearization are used during the derivation of transfer functions.

1. Transfer Function of v,

The power going into port 1, P;, can be found as the sum of the power going
into port 1 from port 0, Py, and the power going into port 1 from port 2, Pj5. Pig

and P,y can be expressed as:

Vo1 ®10
= 11— — 4.14
DP1o wlio ¢10( - ) ( )
V1701 ?12
= 1 - 4.15
D12 wliy ¢12( - ) ( )

where v; and vy are the referred voltages to the primary side of the load voltage vjpeq
and the energy storage capacitor voltage v..
From this equation, it can be seen that the system is a nonlinear system. In order

to find the transfer function, perturbation and linearlization have to be applied.
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Assuming that the operating points are:

vy = Vo

v =V

vy =V
P10 = P10
P20 = P2

Now the perturbation signals are added into the above variables. Since vy is normally

the constant in our application, there is no perturbation in vy.

v =Vi+0
vy = Vo + Uy
¢10:(I)10+<510

P20 = Do + &20
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Therefore,
VU1 ®10 V1V D12
P1 = Pio + P12 wL10¢10( - )+ wL12¢12( - )
Vo(Vi + 0y) ~ D1 + dio
S A S YA (1 — 20T I
oL (P10 + ¢10) - ( - )]
Vi+ 1) (Vo + 0 - - D1 — Dog + 1o — &
+[( 1 Ul)( 2 Uz) '(@1o—®20+¢10—¢20)'(1— 10 20 ¢10 ¢20)]
leg ™
VoVi VoVi ~ Vo Vo1 ~
— (g, 4 207L Yo% g o, YO0
<WL10 10+ ol ®10 + L 10+ ol ®10)
VoWi VWi~ Voun Vot ~ Dy
_ d o , 210
[leo 10+ ol ®10 + ol 10+ ol b10] -
VoW VoVi - Vol Vol = . 1o
—[——® d —_— —)
[leo 10 + ol ®10 + ol 10+ ol $10]
ViVo + Vivg + Vo, + 010 ~ ~
+ 2 e ki 12[®10—¢20+¢10—¢20]
wL12
ViVo + Vivg + Vo, + 010 ~ ~
+ 2 e ke 12[®10_¢20+¢10_¢20]2
legﬂ'
After simplification and reduction, the following can be found:
d d? Py — D Dy — Dyy)?
= Vo®io _ Vo®1o 10 20 ( 10 20) )Vz]fh (4.16)
leO leoﬂ' leg legﬂ'
L VoV 2VVidyg iva 2ViVa(®y — (I)m)]gz;
L leO leoﬂ' u}ng (UL127T 10
TPy — O Dy — Dyy)?
X 10 20V1 _ ( 10 20) ‘/1]172
u}L12 WL127T
—ViVe 2V Vo (®q9 — Poo) 7 -
+ $20
L leg (UL127T

a~171+b~]3hi10+c~172+D~$20
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where

Vod Vo2 Py — D Dy — Dy )?

a(‘/()7‘/17‘/27q)107q)20> = (C(?Lll(? - w%ﬂjﬁ_) +( 12}[/12 =L _'_ ( 1:)}[/1271_20) )‘/2 (417>
VoVi o 2V ViVa  2ViVa(@1p — Pyo)

b(Vy, Vi, Vy, @1, Do) = — — 4.18

(Vo, Vi, Va, @19, Pao) (leo wLior )+wL12 WLt ( )
Py — D Dy — Doy)?

c(Vo, Vi, Va, @19, Do) = — 2y, _ (B0 — )y, (4.19)

u}L12 C()L127T

—ViVy  2ViVo(®yg — @

AV, Vi, Vo, Bro, Do) = — V2 4, 2V1Ve(P10 — Pao) (4.20)
wL12 WL127T

On the other hand, the power going into the load side P; can also be expressed

as:

Vi+wu)*  d 1

7+ E(§Cf (Vi +11)%) (4.21)

pi=PFP +p =

After simplification, p; can be expressed as:

. 2V d .
P = ?1211 + Cf‘ﬁ%m (4.22)

Using the Laplace transform, the above equation can be written as:

2Vh N
P = ?1@1 + s CfV1i0y (4.23)
2V, .
= (s- CiV1 + ?1)”1
From (4.16) and (4.23), 0; can be expressed as:
b ~ d -

U = “ 10 + - a0 + Xy
AT e AT e

:A'(§10+B'($20—|—C"(~12 (425)
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2. Transfer Function of F,

In the similar way, the transfer function of P, can be derived as follows:

VoV VoU
Po = P10 + P2 = — 1¢10(1—@)+ 0 2¢12(1—@)
wlq T w Loy T
Vo(Vi + ) ~ Py + duo
_ (20T P g (1 - 20T P10
[ oLu (P10 + ¢10) - ( - )]
Vo(Va + 02) ~ Do + oo
YOA2 T2 (] = 22T P20
+ Lo (P20 + ¢P20) - ( - )]
After the simplification and reduction, we get,
_ Voo Vo3, . WwWi o 20,0WV1, -
_ _ . _ . 4.2
Do Wl WL107T] v + [leo whion P10 (4.26)
VoPao Voq)go] Gt [Vovz 20y Va é
wL20 (UL207T 2 wLQO wL207T 20

=D -0+ E ¢io+F +G- oo

where

Vo® Vo®3
D(Vo, Vi, Va, @1y, @) = 72 — -2 (4.27)

Wwvi o 2001pVh

EWVy, Vi, Vo, @1, Do) = — 4.28
( 0, V1, V2, ¥10, 20) CULl() UJLl()Tr ( )
VP Vo3,
F(Vy, Vi, Vo, @19, Pyy) = — 4.29
( 0, V1, V2, ¥10, 20) CULQ() (UL207T ( )
VoVo 2Py V15
G(Vo, Vi, Vo, @1, Ooy) = — 4.30
( 0, V1, V2, ¥10, 20) CULQ() CULQ()']T ( )

In (4.24) and (4.26), there are two points worthy of attention. First, the relation-
ship between 0,4 and gz;lo and the relationship between py and gz~$20 are not simple.
They are coupled. (520, Uy have effect on 0;. Also, <Z~>107 v7 and 09 also have impact on
Do. Fig 34 shows the coupling between the variables.

Secondly, the coefficients in (4.24) and (4.26) depend on the operating points Vj,

Vi, Vo, @19 and P9y. These coefficients change as the operating points change. In
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£, A -V,
~EX,p B
v, c
— G
F o

Fig. 34. Transfer function of the system

order to use these transfer functions, the operating points have to be found first.

3. How to Find the Operating Point

In normal operation, the power from port 0 will be equal to the power into port
1. In other word, the power into the energy storage C from the source side will be
equal to the power into the load side from the energy storage C. The net power of C

is zero. The above condition can be expressed as follows:

P1:P0

P2O:P12

We can see from Fig 35 that P; consist of two part: one is Pjg, the other is Pj5. We
have to find out the ratio of Pjy to Pjs so that the operating point ®;o and ®5, can
be calculated.

The given value will be P; and we need to find the ratio Q. First, we set the ratio
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Fig. 35. Power flow between 3 ports

Q as 1. Then P can be found as:

VoV

wilio

P19

Py=P-Q= @10(1—7)

®1y can be solved.

As soon as ®qq is found, P59 can be solved from the following equation:

P20:P12
VoV Dy ViVo D19 — Do
Dyp(1 — —2) = Do — Pog)(1 — 22
oLy 20— =) = (P10 — Do) —)

When both &,y and ®9g are known, P; can be calculated from:

Pi_cai = Pro+ Pry
%
- leo

ViV,

CUL12

P10

(bl(](l - 7) + ¢12

$12(1 — 7)

Compare P;_., and Pj. If the error is not within the limit, decrease the ratio Q and
do the above procedure again till the error is within the satisfactory range. The flow

chart of finding the operating point is shown in Fig 36.
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Specify the
load power

Decrease
the Ratio

i ¢
With P, =P,*Ratio

find phi,,

v

With P, =P,
find phi,,

> P,;=P *Ratio

With phi,, and
phi,,
findP,

| PP, o | <error

Output
phi, and phi,,

Fig. 36. Flow chart for finding operating point: ®;y and ®

E. Control of Proposed Multi-port Power Converter

After the model of the system is obtained, the controllers can be designed. In
this proposed circuit, there are several things to be controlled. The purpose of the
control is, under the influence of dynamic load, to 1) regulate or control the load
voltage Vg and 2) regulate or control the input power from these two renewable
energy sources. To achieve this purpose, there are several controls that need to be
done. The first one is to use ¢1p and ¢y to control the load voltage, Vj,eq, and the
input power from the primary side, Fy. The second one is to regulate the DC bus

voltage, Vpe. The third one is to control the current, I and I, flowing in the two
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energy sources. How to design the controller for ¢19 and ¢oy, how to regulate Vpe,

and how to control I;¢ and I7; will be discussed in the section.

1. Controller Design for ¢19 and ¢

The transfer functions of ¢ to Vj,eq and of ¢oy to Py were found in the previous
section. However, the transfer functions are complicated. They are coupled, and
their coefficients depend on the operating points. It seems like the system is hard to
control.

However, if the operation points are found according to the normal operation,
where Vj,uq is 135V, Py is 1000 W, the coefficient of these transfer functions can be
found. Fig. 37 shows the transfer functions when the system operates at normal

operation.

5498 ~V
& Ll
0.33s+17.17

-2864

~£Xy

0.33s+17.17

6.437

0.33s+17.17

— 2634 —

2863 —

6.44 + 0

Fig. 37. Transfer function of TAB under normal condition
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From this graph, it can be seen that some coefficients are much larger than other
coefficients. Therefore, it is logical to say some variables are more influential than
some other variables. In this case, the coefficient of the transfer function from vy to
U7 1s much smaller than that from gz~510 to 07 and from QEQO to 77. Also, the coefficient of
the transfer function from ¥, to py and from 07 to pg is much smaller than that from
gz~510 to po and from Qggo to po. Therefore, the impact of ©5 on 9; and pg can be ignored.
The above arguments simplified the transfer functions of the system as shown in Fig

38.

5498

10 -
0.33s+17.17

-2864

~£X
20 0.33s+ 17.17

TJ ~V |

2634 T
—~ PO

)

2863

Fig. 38. Simplified transfer function of TAB

Since the simplified transfer functions are obtained, it is possible to design the
controllers to meet certain performance requirements. However, due to the coupling,
it is hard to design controllers by using conventional methods. Most designing meth-

ods are for single-input-single-output systems. There are many literatures on how
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to design controllers for multi-input-multi-output coupled systems. In this work the
method, proposed by He, Mao-Jun [22], is adopted. The procedure for this method is
shown in Fig 39. The concept is simple. In this method, the controllers are designed,
first, without considering the effect of coupling. Then, depending on the effects of
coupling between variables, the procedure detunes the parameters of these controllers
to make the system stable. The effects of coupling between variables are measured

by the matrix called dRI. This method ensures this feedback system be stable.

‘ Pair input and outputs ‘

‘ Design controller for uncoupled system ‘
|
‘ Construct P ‘

\
\ Seti=1 |

‘ Calculate the critical frequency w

\ Calculate dRI £p
|

i=i+1 Calculateky; ., and £c
for MMFEIm_1

Calculate detuning factor f , and f

Detuning controller parameters

L

End

cri ‘

i,n-1 ‘

£li,n-1

£ci

Fig. 39. Design procedure for coupled systems

Due to the conservativeness of this method, the performance of the system is not
optimal. Therefore, several fine-tunings have to be done. In conclusion, this method

is used to get the approximate value of the parameters of these controllers, which will



74

facilitate the design process.

2. Current Control

There are several methods to control the current flowing in the inductors, in-

cluding:
e Tolerance band control,
e Constant-off time control,
e Constant-frequency control with turn-on at clock time.

The method adopted in this work is constant-frequency current control. The bene-
fits is that the operation frequency is fixed, which makes designing the filter easier
compared to the other methods of current control. [23]

When the time is at clock time, the switche, SP2 or SPP2, is turned on. As soon
as the current reaches the specified value, the switche, SP2 or SPP2, is turned off and
switche, SP1 or SPP1, is turned on. This will result in the decrease of the current.
This will last during the rest of the period. Till the time is at clock time, SP1 or
SPP1 is turned off and SP2 or SPP2 is turned on again. Then the procedure repeats.

Fig. 40 shows the circuit when switches are turned on and off. Fig. 41 shows the
current waveform during the current control, and Equation 4.31 and 4.32 describe

the mathematical equations for these two different configurations.

dl Vi

d—tL =7 when SP2 or SPP2 are turned on (4.31)
I -

Iy _ Vin = Ve when SP1 or SPP1 are turned on (4.32)

dt L
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Fig. 40. Inductor circuit during different time period

Control voltage v,

Clock \cm / Clock
Constant period between clock pulses

Fig. 41. Current waveform during the current control [23]

3. DC Bus Voltage Regulation

To regulate the DC bus voltage, the proposed system uses the switches, SP1 and
SP2, on the primary energy source. In this part of the circuit, shown in Fig. 42,
there are one voltage source, one inductor, two switches and two DC bus capacitors.
There are two ways to regulate the DC bus voltage. One is to use duty ratio control.
The other is to use current control. For duty ratio control, the DC bus voltage can

be regulated by controlling the duty ratio of the switches. From the analysis of power
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Fig. 42. DC regulation circuit

electronics, the voltage gain for this circuit can be expressed as follows:

= 4.
Vow 1-D (4:33)

where D is the ratio of time to the period when SP2 is on.

With the feedback signal of V¢, one PI controller is used to give the duty ratio
command D to regulate the DC bus voltage. However, there are several shortcomings
for this method. The dynamic response is slow compared to the current control
method. Another shortcoming is that the current in the inductor may be large,
depending on the value of D. If the dynamics of PI is fast to strictly regulate the DC
bus voltage, the inductor current may be large, which is undesirable.

Another way to regulate the DC bus voltage is to use current control. The
inductor current is controlled by the method of constant-frequency control with turn-
on at clock time, as discussed in previous section. The current command is given by
the PI controller whose input signal is the reference DC bus voltage, and the feedback
signal of the PI controller is the DC bus voltage. After the PI controller, a limiter

is inserted before the current command goes into the current controller. With the
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limiter, the peak inductor current can be confined. This method has better dynamic
performance, and ensures the current be within the allowable range as well. Fig. 43

shows the block diagram for the DC bus regulation.

PI - Current Gate Drive
Controller Controller of SP1, SP2

Fig. 43. Block diagram for DC voltage regulation

4. Control Strategy for Different Set of Switches

There are 14 switches in the proposed circuit. The switches on the load side
are SL1, SL2, SL3, and SL4. The switches on the energy storage side are SC1, SC2,
SC3, and SC4. The switches on the source side can be categorized into three groups:
SS14 and SS23 connecting the DC bus capacitor with the transformer; SP1 and SP2
connecting the primary energy source; and SPP1 and SPP2 connecting the auxiliary
energy source.

The control variables ¢19 and ¢9o control the gating signals of SS14, SS23, SL1,
SL2, SL3, SL4, SC1, SC2, SC3 and SC4. The hysteresis control of input power Pj,;
controls the gating signals of SPP1 and SPP2. But what control strategy is applied
to SP1 and SP27?

From the transfer functions of the proposed circuit, the feedback signal for ¢
control loop should be the signal of F;. However, the value of F, can not be measured
easily. Since the current flowing in the primary side of the transformer is oscillating
tremendously, it will be hard to find the average value of this current, which means
it will be hard to find the average power from the primary side. Even if it is possible

to measure the exact Py and by feedback control, ¢, is controlled such that Fy is
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regulated, it is possible that P;,q is not regulated. Since

POZF)inO_'_Pinl—i_Pc (434)

If the DC bus voltage is not regulated, the value of P. depends on the DC bus voltage

and its rate of change. This can be seen from the energy and power of the DC bus

capacitors:
1 2
and
d dVpe
P.=—E.=C -Vpe- 4.
dt ¢ Voo =5 (4:36)

Therefore, the proposed control strategy will control the switch SP1 and SP2 to

regulate the DC bus voltage, Vp¢, such that P. is almost zero. That is

I

P20 (4.37)

Also, the input power of the auxiliary source, P,,; is regulated at constant value K

by hysteresis control.
P;,1 = K (constant) (4.38)
Therefore, Py can be expressed as follows:
Py = Pyo+ K (4.39)

From the above equation, it can been seen that P, can be controlled by F,. Since
Py is controlled by ¢o, Pino can be indirectly controlled by ¢o9. This is the reason
why the proposed control strategy uses P;,o as the feedback signal for the ¢4y control

loop.
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Table VII. The dependence of switches

Switches Dependence
SS14, SS23 | SL1, SL2, SL3, SL4 ®10
SC1, SC2, SC3, SC4 P20
SP1, SP2 DC bus voltage regulation
SPP1, SPP2 input power P;,; regulation

Table VIII. The feedback signal for different control variables

Feedback signal Controller

WOad ¢10
PlO ¢20

Table VII summarizes the control of all switches, and Table VIII lists the feedback

signal for ¢19 and ¢og.

5.  Benefits of PI Controller

In this work, the operating points are found at first and, based on the operating
points, the controllers are designed. Because perturbation and linearlization are used
to derive the transfer functions of the system, the signal input for these transfer
functions should be small signals, namely, 05,4 and pig.

However, the input to the phase shifting controllers is the whole signal, consisting
of the DC signal and the small signal. The DC signals are &,y and ®5y while the small
signals are ¢1o and ¢o9. The DC signals have to be derived first from the operating
points and then are added with small signals to produce the whole signals for the

phase shifting controllers.



80

There are two interesting points in the actual implementation of control. Since it
is impossible to get the small signals, which are v;,,q and pig, as the feedback signals.
The feedback signals are the whole signals, which are v;,,q and pig. Therefore, the
reference signal to the feedback controller should be the reference DC signal, not 0.

This is shown in Fig. 44.

0 Pl T 10 10
Controller /+__'_\
(master)
Vo f 10
Gate Multi-port
Driving Converter
Circuit
0 Pl ~ 20 20
Controller @
(slave) ‘T
~P.
. f
\% Pl ~ 10
load-ref 10
Controller (-I-\
(master)
Vi f 10
Gate Multi-port
Driving Converter
Circuit
P Pl ~ 20
10-ref 20
Controller O
(dave) ﬁf/
Pig f 20

Fig. 44. Signals for the feedback system

Another point worth mentioning is that ®;9 and ®5; do not have to be calculated
precisely. Because of the integrator in the PI controllers, the PI controllers produce
proper value such that the whole signals ¢19 and ¢o are correct for current operating
points. Because of the PI controllers, it is possible to go from one operating point

to another. Even though the value ®,5 and ®,, are not correct for these different
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operating points, the PI controllers will adjust ¢19 and ¢og such that these two signals
contain certain DC values to give the correct whole signals for these different operating
points.

The only difference between having correct or incorrect value of 19 and ®y is
the time to reach steady state. If &1y and P, are correct, it takes less time to reach
steady states. While ®,5 and $5 are incorrect, it takes longer time to reach steady

states.

F. Central Controller

In addition to the controller that controls the phases, ¢19 and ¢og, there is a
central controller in the proposed system. The central controller does the following

tasks.

e Gives control signal during the start-up process of the circuit
e Gives the power command to the auxiliary energy source

e Selects the controller for different load voltages

1. Starting of the Circuit

Before the circuit enters the normal operation, the circuit has to be started
first. During the start-up of the circuit, the central controller controls ¢io and ¢9
to determine the power flow among the three ports. Also the central controller will
send the gating signals to the switches of the proposed circuit. By controlling these
switches, we can open or close some of the ports, which is very important during the
starting procedure.

There are two cases for starting. In the first case, some energy storage compo-

nents have been energized, including the DC bus capacitors and the energy storage
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capacitor. This scenario may be encountered when the circuit is connected to the grid,
and there are some external circuits that pre-charge these capacitors. In the second
case, all the energy storage components are relaxed. No energy is stored in these
components. This scenario may be encountered when the circuit is stand-alone. All
the energy is provided by renewable energy sources, and no external energy sources

or charging circuits exist.

Some components are energized

Before the circuit is started, the voltage of the DC bus capacitors, Vp¢, and the
voltage of the energy storage capacitor, Vi, are set up, which is easily done by first
charging these capacitors to specified voltages by external circuits and connecting
these capacitors to the proposed circuit. Except the above components, all other
components are relaxed. These components including the filter capacitor, Cj,qq, the
input inductors, Ly and L;, the leakage inductance of the transformer, Lieqrage- The

following shows the state before starting the circuit.

Vbe =108 V
Voe=54V
Vieaa = 0V
Io=0A
I =0A

[leakage =0A

During the starting of the circuit, ¢y is set at 40° and the switches on the energy

storage side are all open. The above setting lets the power go from the energy source
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side into the load side, charging the load capacitors. This value is constant, since ¢
is constant.

Because the inductor currents, Iy and I, are zero at the beginning, the current
controllers of these two inductor currents close the switches SP2 and SPP2 to increase
these two inductor currents linearly. During this period, the DC bus voltage decreases.
This is because there is no energy supply from energy source and the two DC bus
capacitors supply the energy to the load side, charging the load capacitor. As soon
as the inductor currents reach the specified values, the hysteresis control of current
will begin to be executed.

When the capacitor on the load side is charged to specified value, the starting
process ends and this circuit enters the normal state. The PI controllers, which control
10, P20 and Irg_.ma, begin to function and the circuit of the energy storage side gets
connected back to the system.

Fig. 45 shows the procedure during the starting of the circuit.

No components are energized

For an isolated power system, it is more practical to assume that all the components
are relaxed in the beginning. There is no charger to charge the capacitors. Therefore,
the energy sources of the proposed circuit have to charge these capacitors first before

the circuit begins the normal operation.
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Fig. 45. Flow chart for starting the circuit

The following shows the state at the beginning.

Vpe =0V
Ve=0V
Vieaa =0V
I;o=0A
I,=0A
Dieakage =0 A

First, assume that the voltages of the renewable energy sources are rising linearly
with time in the beginning. After these voltages rise to certain value, they are constant
afterward. This is more practical since it takes time for renewable energy sources to

warm up. During the increase in the voltage of the renewable energy sources, the
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inductor currents are also increasing due to current control. This step is quite similar
to the previous case. During this period, DC bus capacitors are also being charged
because the current of the inductors will flow into the DC bus capacitors.

As soon as the DC bus voltage reaches the specified level, the energy storage
capacitor begins to be charged. During this period, ¢9g is set at certain value and
the secondary side of the transformer, which is connected to the load port, is shorted.
The reason for shorting the secondary side of the transformer is that even though the
gating signals for all IGBTs on the load side are open, there will be small current
flowing into the load side via these diodes. This part of the circuit is like a current
source rectifier, consisting of four diodes and a current source. As soon as the current
flows into the load side, some power goes into the load side, which greatly increase the
time required to charge the energy storage capacitors. There are two ways of shorting
the secondary side of the transformer. One way is to use a bidirectional current switch,
which is shown in Fig. 46. During charging the energy storage capacitor, this switch
is conducting. The current flowing on the secondary side of the transformer will flow
though this switch without providing power to the load side. Another method is by
closing the switches SL1 and SL2 or SL3 and SL4. In this way, the current on the
secondary side of the transformer will flowing in these two switches, without providing
power to the load. In this way, the time to charge the energy storage capacitor will
be greatly decreased.

There is another problem left. What is the value of ¢997 The value is hard to
determine because when the energy storage capacitor is being charged, the power
provided by the renewable energy sources, which is related to the inductor current,
I and Ipq, is flowing into the energy storage side. Since the power absorbed by
the energy storage capacitor varies with the voltage of the energy storage capacitor

V., it is impossible to find a constant value ¢y such that the power provided by
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Fig. 46. Bidirectional current switch connected on load side

the renewable energy sources is equal to the power absorb by the energy storage
capacitor. The power difference will cause the voltage fluctuation in the DC bus.
That is, the power difference will go into the DC bus capacitor. This is not desirable.
The constant voltage of DC bus is preferred for the proper operation of the proposed
circuit.

To solve this problem,a PI controller is used to find ¢9y. The feedback signal
is the DC bus voltage, and output signal is ¢o9. Since the larger ¢oq is, the more
power will go from the source side to energy storage side, which will decrease the
DC bus voltage. Due to this relation, the coefficient of the PI controller needs to be
negative. This will make the variation of DC bus voltage small during the charging
of the energy storage capacitor.

As soon as the voltage of the energy storage capacitor reaches the specified level,
the energy storage capacitor is disconnected from the proposed circuit by opening all
the switches connecting the energy storage capacitor. ¢iq is set at 40° to charge the
filter capacitor on the load side. After the filter capacitor is charged, this circuit will
enter the normal state. All PI controllers kick in and the energy storage capacitor is
connected back to the circuit.

Fig. 47 summarizes the starting procedure.
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Fig. 47. Flow chart for starting the circuit with all components relaxed

2. Power Management

According to the voltage of the energy storage capacitor, Vi, the central con-
troller will give the corresponding power command to the auxiliary energy source. If
Ve is too high, the central controller will decrease the power command of the auxil-
iary energy source to decrease the total input power, discharging the energy storage
capacitor. If Vi is too low, the central controller will increase the power command
of the auxiliary energy source to increase the total input power, charging the energy
storage capacitor.

There are three levels of the power command for auxiliary energy source: 500W,
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300W and 50W. The ranges of Vi are 45-50, 50-60 and 60-65V. Intuitively, the cor-
responding input power command should be 500W(P,,4.), 300W (Popmar) and 50W
(Pynin) respectively. However, if we determine input power command just depending
on what Vi is, there will be oscillation when the Vi is closed to the turning point. To
solve this problem, not only the value of V¢, but also the current input power com-
mand have to be considered. For different current input and different power command
for the auxiliary energy source, the new input power command will be different even
if the V> range is the same. Fig. 48 shows the corresponding input power command

under different conditions.

V

¢ I P_min I P_min
[ e e e e i T, e
P_normal P_min
60V Ll e e e Y.L (o
P_normal
Ll R R el Bl Tl
P_max
P_normal
e I T I preepmp iy RN A -
J P_max | P_max
P P_normal P_max P_min

Fig. 48. Input power command P;,; for different conditions

3. Controller Scheduling

The last thing the central controller does is to select the corresponding controller,
depending on the load voltage, Vj,.q. This is called ”controller scheduling.”

Up to this point, the control purpose of the proposed circuit is to regulate the
load voltage, Vj,qq. Is it possible that the load voltage can be controlled to be different
value? This problem will be controlling problem, instead of regulating problem.

If the stability analysis, which will be discussed in the next section, is performed,
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it can be seen that the stability is good for a range of V},.q. If we sweeping the Vuq4,
from 135V to 155V, the poles of the closed loop system will be on the left half plane.
Therefore, the designed controller is able to control the load voltage without being
unstable. However, because the controller is designed with the normal load voltage,
which is 135V, the performance for different load voltage will be not as good as that
for the case where load voltage is 135V.

In order to improve the performance for different load voltages, the concept of
”controller scheduling” is used in this work. There are three sets of controller, which
control the value of ¢19 and ¢99. These three sets of controllers are designed for each
different load voltage. Table IX shows the corresponding controller for each load

voltage.

Table IX. Controller scheduling

Load voltage command Controllers

115V Ci1, Con
135V Cia, Oy
155V Cis, Ca3

The central controller will choose the corresponding controller, depending on the
load voltage command. In this way, the dynamics for each load voltage command

will be better. Fig 49 shows the block diagram for controller scheduling.

G. Stability Analysis

From (4.24) and (4.26), the coefficients depend on the operating points. For the
dynamic load, the value of R is changing, resulting the change of the coefficients.

Also, during the operation, the voltage of the energy storage capacitor, Vg, changes,
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Fig. 49. Block diagram for controller scheduling

depending on the power difference between the source and the load. The question
regarding the stability of the system arises. Will the change of R due to the dynamic
load let the system be unstable?

Because of the cross-coupling of the transfer function, the traditional way to
determine the stability due to the change of coefficient, such as Nyquist plot, Bode
plot is not practical. Fortunately, with the power of modern computer technology,
the poles of the system can be solved directly.

First, the transfer function of the coupled system need to be derived so that we
can use the traditional method to determine the stability of the system

The coupled system is represented in Fig. 50. The system can be represented by

Fig. 51. The function of ¢g; and g» can be found by the following method.
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Fig. 50. Transfer functions of coupled system

Since
Y1 = Ui gu + U2 G2 (4.40)
Y2 = Uz - go2 + UL - g1 (4.41)
and
Uy = —Cy - Yo = —Ca - (Ug * goo + U1 * Go1)
Therefore,
up = — 292 (4.42)

:7-u1
1+4+co-go
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Fig. 51. Simplified transfer function of coupled system

Combining (4.40) and (4.42), we get

y1 = (g + 2 9nIn Uy
14+co- g
=01
where
—C2 - g21 " 12
fr=gut+-—/—""—
! H 14+ ¢ g
In the same way, we can found that
—C1 g21 " g12
g2 =gz + ——
? 2 14+c-gn
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(4.43)

(4.44)

(4.45)

As soon as ¢g; and g, are calculated, the characteristic equation of the feedback

system can be found as:

Oi(s)=14+c¢1-91=0

Py(s) =14co-92=0

(4.46)

(4.47)

The roots of the characteristic equations are the poles of the two feedback systems,

which are for the load voltage regulation and for the input power regulation. In order
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to be stable, these poles have to have negative real part.

During the operation of the circuit, the operating points changes. It is necessary
to make sure that the system is stable during the operation. With the powerful
calculation capability of modern computers, it is easy to find all the poles for this
system by sweeping some variables. These variables include ¢qg, @99, V2, and R. By
sweeping these variables in certain range, which depends on the actual operation, we
can find the stability of the system. Fig. 52 shows the poles of the closed loop, where
the sweep range for the variables are shown in Table X. In this graph, it can be seen
that all poles are on the left half plane. Therefore, the system is stable even though

the operating points changes during the operation of the circuit.

Table X. Sweeping range for variables

Variable Sweeping Range

b10 0~15 (Degree)
P20 0~15 (Degree)
Vs 45~65 (V)
R 15~20 ()

H. Integration of Current Source

Some renewable energy sources have the characteristic of current sources. They
will provide constant current while their output voltage varies. One example of re-
newable energy sources that has current source characteristics is photovoltaic cells.

The proposed circuit can integrate current source with little modification. Fig

53 shows the modified circuit. Assume that the current source provides I;,; current.
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Fig. 52. The poles of closed loop transfer functions under the sweeping of variables

The power provided by the current source can be controlled by the duty ratio of SPP1
and SPP2. If the duty cycle is defined as the on time of SPP1, then the power from

the current source can be expressed as:

Pip1 =D - Lip1 - Vpo (4.48)

Since I;,; and V¢ are constant, the only way to control the power P;,; is to control D.
Based on different power requirement, a table can be built to give the corresponding
D. To improve the control dynamics, a PI controller can be used, whose feedback
signal is power, while the output is duty ratio D. The block diagram is shown in Fig

o4.
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Fig. 53. Modified circuit to integrate current source
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Fig. 54. Block diagram of P;,; control for current source
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CHAPTER V

SIMULATION AND DISCUSSION
This chapter will present several simulations and discussion under different sce-
narios encountered in real application. In these simulations, the component values
are the values designed in the previous chapter. The input voltage of the renewable
energy source are b4V for Vo and 50V for V;,;. The nominal output load voltage
Viead 18 135V and nominal input power, P;,q, is 1000W. The other input power, Pj,1,

is controlled by the central controller to charge or discharge the energy capacitor.

A. Starting of the Circuit

If some energy storage components are initialy energized, the starting procedure
is easier. The initial voltage of the energy capacitor is 54V and the DC bus voltage is
108V. With the starting procedure described in the previous chapter, Vj,.q increase,
shown in Fig 55 (c¢). As soon as V,.q reaches 135V, the starting process stops, and the
two PI controllers kick in, shown by the two phase values ¢19 and ¢y changing from
constant values to varying values at time=9ms. Also at the same time, the energy
storage is also connected back to the system, shown in the gating signal SC14. Fig

55 and Fig 56 show the simulation for this case.



97

5000

40.00

30.00

Time (ms)

lemd_LD

1000

I_L1_emd
phase2
phase2

BN T T A
20.00

1(L_0)

iz
phase_1
phase_1
P2
SPP2
sc14

1)

Fig. 55. Starting with some component energized (a)Io and I5o_cma [A], (b)I11 and
I11—cmad [A], (€) Viead [V], (d) ¢10 and @9 [degree]

Fig. 56. Starting with some component energized (a) ¢19 and ¢oy [degree] , (b)S P,
(c) SPP,, (d)SCuy
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Another case for starting this circuit is that all components are relaxed. The
simulation results are shown in Fig 57 and Fig 58. In addition to charging the
output filter capacitor, the circuit has to charge the DC capacitors, the energy storage
capacitor. In the starting procedure expressed in Fig.47, the DC bus capacitor is first
charged to 108V with controlss= controls,= controlsc=0 and then energy storage
capacitor is charged to 54V with controlss=1, controls;=0, controlsc=1. Then the
output filter capacitor is being charged to 135V with controlss=1, controls;, =1 and

controlsc=0. After that, the system exits the starting procedure and enters the

normal operation.

V_Ioadt

control_SC

00 050 1.00 1.50 200
Time (s)

Fig. 57. Starting with all components relaxed (a)Vpe [V], (b) Ve [V], (¢)Vieaa [V],

(d)controlgss, (e)controlsc, (f)controlsy,
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Ltertiary

Fig. 58. Starting with all components relaxed ()P0, Pin1 [W], (b)d10 and ¢oo [degree],
(C)Ileakage [A], (d)[second [A], (e)Itertiary [A]

B. Dynamics in Load

In this section, the load is changed at different time by changing the load resistor.
In Fig 59 and Fig 60, it can be seen that there are three levels of load, which are
1200W, 1000W and 800W. The controllers control the proposed circuit such that the
output voltage, Vg, is regulated and the input power from the renewable energy
sources, P, and Pj;,;, remain constant regardless of the change of the load. The
difference of the input power, sum of P, and P,,;, and load power, P4 is absorbed
by the energy storage capacitor. The voltage of energy storage capacitor shows that
there are some power going into and out of the energy storage capacitor. Also, from
the Fig. 60 (c) the current in the leakage inductor of the transformer is symmetric

due to the proper phase-shifting techniques.
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Fig. 60. Simulation of dynamic load (a) Vo [V], (b) 1o and 111 [A], (¢) Llicakage [A]
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C. Large Dynamics in Load

Instead of small change in the load, in the following simulations, the load changes
tremendously. The load changes from normal load to two times of the load, changes
from normal load 1kW to 100W, change from normal load to OW. The above cases
may be encountered in the stand-alone application, where short time over-ride or
short time no load are possible.

In Fig 61 and Fig 62, the load is increased from 1kW to 2kW at t=0.05 sec.
Before t=0.15, the regulation of V},.,4 and P, are quite good. Because the load
power increase to 2kW while the total input power is about 1.5kW, the deficit 500W
is supplied by the energy storage capacitor. Therefore, the voltage Vi decreases very
fast. The function of control works fine until V¢ is too small. When Vg is 0V at

t=0.18 sec, P;,o tries to supply whole power required by load.

uuuuu

uuuuu

Pind  Pint

uuuuu

P_load1

uuuuu

Fig. 61. Large increase in load power (a)Vj,qq and Vi [V], (b) Pino and P,y [W], (¢) Poad
(W]
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Fig. 62. Large increase in load power (a)¢piy and ¢oy [degree]|, (b)Iro and I [A],
(C)Ileakage [A]
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Fig. 63. Large decrease in load power (a)Vj,qq and Vi [V], (b) Pino and Piyy [W], (¢) Poad

(Wi
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Fig. 64. Large decrease in load power (a)¢i19 and ¢oy [degree|, (b)Iro and I, [A],
(C)Ileakage [A]

In Fig 63 and Fig 64, the load is decreased from 1kW to 100W at t=0.05 sec.
Before t=0.15, the regulation of Vj,.q and P, are quite good. Because the load power
decrease to 100W while the total input power is about 1.5kW, the extra 1400W is
absorbed by the energy storage capacitor. Therefore, the voltage Vi increases very
fast. The function of control works fine even Vi is way above the limit. But this is
not desirable. Extra large voltage can destroy the energy capacitor. Therefore there
exists limited time of operation for very low small load power.

Even the load power is reduced to OW, the circuit works fine for short period
of time. From Fig 65 and Fig 66, the load power is reduced to OW at 0.05sec. The

voltage V¢ increases very fast while V.4 and P, are kept at constant.



104

————————————————————————————

uuuuu

uuuuu

uuuuu

Fig. 65. Large decrease to no load (a)Vjeq and Vi [V], (b) Py and P,y [W], (¢)Pload
(W]

0.0 0.05 0.10 015 0.20
Time (s)

Fig. 66. Large decrease to no load (a)¢19 and ¢og [degree], (b)Io and 111 [A], (¢)icakage
[A]
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D. Control of Load Voltage

With controller scheduling, the system can be operated at different operating
points. The simulation shown in Fig 67 and Fig 68 shows that the load voltage can
be control to be different values with quite good dynamic performance. These values
of output voltage are 155V, 135V and 115V. Because the output resistance is constant,
the output power is related to the output voltage. The regulation of P, and Pj,; is
quite good except for some overshoot and some oscillation in P;,,. The variation of
Ve shows the energy absorbed or released by the energy storage capacitor. Again, the
current in the leakage inductor of the transformer is symmetric, ensuring the proper

operation of the circuit.

uuuuuuu
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Fig. 67. Output voltage control (a)Pjoaq (W], (b)Pino and Py [W], (¢) Vieaa [V]
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Fig. 68. Output voltage control (a)Ve [V],(b)ILo and Ir; [A], (¢)licakage [A]
E. Dynamics in Source

For renewable energy sources, the output power from these sources depends on
several factors, such as the wind speed, solar radiation, ambient temperature. The
proposed circuit shows the capability to make the output power constant under the
variation of input power of the input energy source. The difference of power is supplied
or absorbed by the energy storage capacitor. In Fig 69, the input power increases
from 1 kW to 1.5 kW while the load voltage and load power remain constant. The
extra power goes into the energy storage capacitor, resulting the increasing of V.
In Fig 70, the input power decreases for 1 kW to 400 W while the load voltage and
load power also remain constant. The deficit power is supplied by the energy storage

capacitor. Therefore, the voltage of the capacitor V¢ is decreasing.
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F. Integration of Current Sources

In this simulation shown in Fig 71, the auxiliary energy source is a current source.
The power from the current source P;,; is controlled at different values: 300W, 150W
and 350W. In this simulation, the load is changed at 0.075 second to 1.25kW and
changed back to 1kW at t=0.15 second. During the change of load, the P, and Vi uq
are regulated at 1kW and 135V, respectively. This simulation shows that with the
integration of current source type energy source, the control of the circuit still works,

whose intend is to regulated load voltage Vi,.q and primary input power Pj,q.

Pemd  P_in

300.00

100.00

V_load

150.00

12500

100.00

5000

1.50K
1.25K

1.00K
0.75K
/

00 005 010 015 020
Time (s)

Fig. 71. Different input power from current source (a)P;,; and Pii—cma [W], (b)Viead
[V]v (C)Pload and Pin(] [W]

G. Power Management

One of the roles of the central controller is to control the input powerP;,; from
the auxiliary energy source so that the voltage of energy storage capacitor Vi remains

within a certain range. In this simulation in Fig 72, the capacitance of the energy
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storage is reduced ten times so that it is easier to notice the voltage change of the
energy storage capacitor. When Vi is below 45V, P;,,; is changed to 500W. When V¢
reaches 60V, P;,; is reduced so that Vo won’t increase above the limit. At the same
time, the load power is changing at three levels, but the control requirements are still

met, which is to keep Vj,.q and P;,o at constant.
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Fig. 72. Control of P;,; (a)Pload [W], (b)Pne and P,y [W], (¢)Vieaa [V], (d)Ve [V]
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CHAPTER VI

CONCLUSION AND FUTURE WORK

A. Conclusion

In recent years, numerous investment and research have been put in renewable
energy. Because of inherent intermittent characteristics and slow response of renew-
able energy, energy storage has to be used in the system to provide the energy when
the energy from these renewable energy sources is low and supply when the energy
from these energy sources is high. In order to reduce the requirement of energy
storage, different kinds of renewable energy have to be integrated.

To integrate different renewable energy sources and energy storage devices, a new
multi-port DC-DC power converter is proposed because of the better performance,
lower cost, higher efficiency and system-level control.

The proposed circuit can integrate different renewable energy sources of differ-
ent voltage levels efficiently. Also the transformer in the circuit provides electrical
isolation between the source and the load. There are several desirable features of the
proposed circuit. This circuit can integrate voltage source type and current source
type of renewable energy sources effectively without any clamping circuits. Also un-
der wide range of different operating points, including normal load, large load, small
load, even no load, the system can remain stable and controlled. Furthermore, under
the fluctuation of power from the renewable energy sources, the load voltage can be
remained at constant.

This work first reviewed the previous work on ”"Dual Active Bridge” and ” Triple
Active Bridge” to get some insight of the proposed circuit. In chapter four, the

description of fundamental operating principle was made. Design and Modeling were
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made and based on the obtained transfer functions, the controllers were designed
accordingly. In addition to the low level control, central controller is used to deal
with various issues, including starting the circuit, maintaining the ”state-of-charge”
of the energy storage capacitor and selecting different controller for different operating
points. Also the stability and the robustness of the system were studied.

After simulations for different scenarios encountered in real application and some
dynamic stability test, it is shown that the proposed circuit is able to integrate renew-
able energy sources and energy storage economically and efficiently. Therefore the
proposed circuit will be an effective solution to the problem due to the intermittent

nature and slow response of the renewable energy.

B. Future Work

Because of the powerful capability of the proposed circuit, several applications
and extensions can be made. First, at the input side of the circuit, where renewable
energy sources are connected, some kinds of maximum power tracking techniques can
be done with the help of the central controller. By intelligently switching, based on
some maximum power tracking algorithm, the maximum power tracking can be made
for wind turbine and photovoltaic cells.

Another extension is to extend from three-port circuits to four-port or even five-
port circuits. Different ports are connected to different kinds of renewable energy
sources, whose voltage levels are different. Because there will be many phase dif-
ferences between these multiple ports, the interaction between these ports will be
complicated. How to deal with the interaction between ports and how to control
the power flow are challenging. With the technique of shorting of one port, used in

the starting procedure in this work, the interaction between different ports may be
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reduced and can be controlled easily.

Another extension is to replace the energy storage capacitor with load. In this
topology, there will be two loads. With phase control, the two voltages at two different
outputs can be controlled independently, which may be of practical use for multi motor
drive application.

Instead of another load, another source can replace the energy storage capacitor
in this circuit. By controlling the phases, the power from source A to the load and
the power from source B to the load can be controlled independently as well. This
application is useful for load sharing application.

Therefore, the proposed circuit is suitable not only for the renewable energy
application, but also for the application of multi-source and multi-load application,

with little modification.
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APPENDIX A

DERIVATION OF POWER EQUATION OF DAB AND TAB

In the DAB, the power equation can be found by averaging the current flowing in
the source side and the load side, because the voltage on the source side is DC value
while the voltage on the load side is almost constant with some ripple. The following
will show how to derive the power equation of DAB. There is one thing worth of
attention. The power derived here is the averaged power during the switching period,
which is a running average.

In the following derivation, V; is assumed to be larger than V5 and the gating
signals of the load side lags that of the source side by ¢. Fig 73 shows the waveform
of the circuit.

In order to find the average of input current, the time X needs to be find where
the current is crossing zero from negative to positive. The slope of the current when

the switch SS1 and SS4 are on is

my = A Z & (A1)
and the slope of the current when the switch SS2 and SS3 are on is
my = " Z Vs (A.2)
The amplitude of the cuurent i, can be found as
i = Ly ptmy (m—g)] L (A.3)
2T 2m

= m@VﬂbﬂLVﬁT— Vorr)



We have to solve the following equation to get time X:

—Alm—leX:O

e+ (i—Va)r T

X
2(Vi+Vp)  2nm

The length of y; and y, can be found as:

vi= (6= X)-my - —

2
T
y2:(ﬂ—¢)~m1~§+y1
The area of area 1, 2, 3 can be found as:
1 T
Areay = 36— X) 1 (5
2 2w
1 T
Areag = 5(7 —¢) - (1 +y2) (%)2
1 T
A =_X- —)?
reas = 5.X - Y2 (2 )

Total area will be:

Areaiq = Area; + Areas + Areas

T

(r = X)y1 4+ (7 — ¢ — X)) '(%)2

N — N —

Substitude vy, y» and X, we will get the total area as:

V- T
Area'total — f27r¢(1 - %)(%)2

(61 — Xuyp 4+ 1im + yorm — dy1 — P2 — Xua) - (
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(A.10)

T\
2-)

(A.11)
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Therefore, the average current will be

<l >= —%— (A.12)

The power going out of the source port will be

ViV o
P>=V,- <1, >= 1—-L Al
<P>=V.-<1I,> wL( 7r) (A.13)

For the case of triple active bridge(TAB), the power equation can be derived
similarly with the use of superposition theory.
For the proposed circuit, the power equation is the same as the ordinary TAB.

The only difference will be the V; will be replaced by Vpe /2.
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Fig. 73. Waveform of dual active bridge
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