Circuits and Systems, 2014, 5, 238-251 #%%* Scientific
Published Online October 2014 in SciRes. http://www.scirp.org/journal/cs ‘0::0 Research
http://dx.doi.org/10.4236/cs.2014.510026

An Experimental Simulation of a Design
Three-Port DC-DC Converter

Samir Al Sharift, Ahmad Harb?, Haibing Hu3, Issa Batarseh3

'Electrical Engineering Department, Taibah University, Madinah, KSA

2Energy Engineering Department, German Jordanian University, Amman, Jordan

*Electrical Engineering and Computer Science Department, University of Central Florida, Orlando, USA
Email: aharb48@gmail.com

Received 1 August 2014; revised 23 August 2014; accepted 3 September 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Traditional DC-DC converter topologies interface two power terminals: a source and a load. The
construction of diverse and flexible power management and distribution (PMAD) systems with
such topologies is governed by a tight compromise between converter count, efficiency, and con-
trol complexity. The broader impact of the current research activity is the development of en-
hanced power converter systems suitable for a wide range of applications. Potential users of this
technology include the designers of portable and stand-alone systems such as laptops, hand-held
electronics, and communication repeater stations. High power topology options support the evo-
lution of clean power technologies such as hybrid-electric vehicles (HEV’s) and solar vehicles. DC-
DC converter is considered as an advanced environmental issue since it is a greenhouse emission
eliminator. By utilizing the advancement of these renewable energy sources, we minimize the use
of fossil fuel. Thus, we will have a cleaner and pollution free environment. In this paper, a three-
port DC-DC converter is designed and discussed. The converter was built and tested at the energy
research laboratory at Taibah University, Al Madinah, KSA.
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1. Introduction

The integrated power electronic converters are important for systems that are capable of harvesting power from
solar sources, fuel cells and mechanical vibrations used in applications such as communication repeater stations,
sensor networks, hybrid electric vehicles and laptops [1]-[10]. Moreover, multi-terminal interface is important
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since such systems require mass energy storage to compensate for the mismatch between the sourcing and load-
ing power patterns over a regular operational cycle. For example, a solar system, consisting of a regulated load
interfaced to a solar array, requires storage batteries for storing excess power and re-supplying it to the load
when needed. Limited research activities on multi-terminal converter topologies have been reported in open li-
terature, with very few commercially installed systems in industry. Interesting ideas for multi-sourced converters
with multiple control variables have been introduced based on the flyback (buck-boost) converter topology.

An investigation of conventional system architectures, composed of two-terminal converters, emphasizes the
significance of the advent of practical and flexible single-stage multi-terminal converters. Following on the bat-
tery-backed solar system example, the main candidate architectures are [11]-[17]:

1) Two stage interface: The solar array is interfaced to an intermediate battery-dominated bus allowing MPPT,
as shown in Figure 1, with another converter stage interfaces that bus to the load. The main disadvantage of this
scheme is that solar power goes through two loosely conversion stages, before reaching the load.

2) Independent charge and discharge: The battery bidirectional converter can be split into two unidirectional
converters: a charger interfaced to the input bus, and a discharge converter interfaced to the load bus, as seen in
Figure 2. This assures that power goes through one conversion stage when traveling between any two terminals,
allowing for higher efficiency. The price paid is an additional converter, increasing the size, weight, cost, com-
ponent count, and control complexity of the system.

We believe that due to the added complexity, together with increased losses, size, weight, and cost, as well as
decreased reliability, has impeded wide-spread adoption of such architectures for many applications. The poten-
tially profitable MPPT technology has been very difficult to justify in many applications given the cost and con-
trol complexity overhead. An integrated three-terminal converter that performs the functions of the three-con-
verter structure using a single power stage can overcome these challenges, and is thus very attractive. The pro-
posed three-ports DC-DC converter will be used in so many real applications such as hybrid cars, communica-
tion towers and solar arrays.

Innovation in the Power Stage

Single converter stage interface of three power terminals is targeted: a source, a load, and a bidirectional termin-
al for power storage. Isolation through a transformer is required for the load terminal for:

1) Design flexibility with high voltage step-up/down ratios

2) Flexible series/parallel converter connection in modular designs, and compatibility with NASA’s Series

Figure 2. Three-converter solar power system.
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Connected Boost Regulator (SCBR) concept [10], as well as the Power Electronics Building Blocks (PEBB’s)
approach [11].

3) User/operator safety

Achieving the power management objectives using a two-converter approach requires a minimum of one
non-isolated and one isolated topology. The addition of a third converter helps increase efficiency, and requires
an additional isolated converter. Options for converter selection are summarized below. Note that buck-boost
and fly-back converters are not considered since they are not practically suitable for medium and high power ap-
plications due to large inductor/transformer current values, and high output capacitor current ripple.

The use of a buck or a boost, together with a push-pull converter, allows a small switch and diode count, but
requires too many magnetic components. The transformer required has a center-tapped input, reducing the utili-
zation efficiency of the core. Replacing the push-pull with a half-bridge or an active clamp forward circuit sim-
plifies the transformer, but requires the addition of a storage capacitor. The full-bridge option is more suitable
for higher power levels and lower input voltages at the cost of a high active switch count.

2. Analysis, Modeling and Control of Three-Prot DC-DC Converter

The three-port DC-DC Converter, shown in Figure 3, is the modified version of PWM half bridge converter that
includes three basic circuit stages within a constant-frequency switching cycle to provide two independent con-
trol variables. The switching sequence shown in the figure ensures a clamping path for the energy of the leakage
inductance of the transformer at all times. This energy is further utilized to achieve zero-voltage switching (ZVS)
for all primary switches for a wide range of source and load conditions.

Full-bridge converters are more suitable for higher power applications, typically above 1 kW. Applying the
same concept of dual use of the phase legs, a three-terminal topology can be derived from the full-bridge circuit.
The bidirectional terminal of this topology is controlled by changing the duty cycle of the phase legs to achieve
the target voltage ratio. The two phase legs need to maintain equal duty cycles. The load terminal is controlled
by phase shifting the driving waveforms of these two phase legs relative to each other, just like the ZVT full-

bridge topology.
The steady-state voltage relationships, assuming CCM operation of the load filter inductor, are given by:
V, =DV,
V,=2:n¢-V,,
given that
0<¢<min(D,1-D)
where:

D is the duty cycle of each phase leg;

¢ is the phase shift between the two phase leg waveforms.

This topology operates as boost-derived push-pull converter when supplying energy from the bidirectional
terminal to the load. This topology is thus an attractive alternative for low voltage storage devices since it saves

2,
] Rectifier and

power filter
lphase
—
‘ v L Electrically isolated
Primary /+ E | T loading terminal
source \ = nergy 1YT — e
storage .
Itag: 537 prim
(bidirectional —|
terminal) JE
S1

Figure 3. Three-port DC-DC converter topology.
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Figure 4. Simulation waveforms: (a) Basic switching waveforms; (b) Terminal voltages and currents.

on the turns-ratio of the transformer and simplifies its design. The center-tapped transformer and the bidirec-
tional terminal inductor assembly are suitable for being wound on a single core, in an integrated magnetic fa-
shion.

PLECS simulation results are shown in Figure 4. Again, control was adjusted at t =5 ms and at 10 ms to in-
dependently control the voltages of the load and bidirectional terminals. Converter ability to handle negative
current in the bidirectional terminal was verified. The small signal model is tailored for deriving multi-port
DC-DC converters under different modes of operation. It is difficult to define different modes since there are
various modes of operation. After we define the mode, a competitive method is used to realize smooth and
seamless mode transition.

As we mentioned before, the converter topologies proposed in this work present new control challenges to the
power electronics community. The proposed topologies call for a PWM that creates switching waveforms that
have two independent variables, based on two error signals, derived by two feedback controllers, each tightly
regulating a different control variable. Also we mentioned that digital control is a strong candidate for such to-
pologies because of its flexibility, and the ability to perform complicated feed-forward and loop decoupling
functions. Digital control is an indispensable tool for the development phase, since it is capable of realizing a
variety of customized modulator structures. The digital control architecture that is used to regulate different
power ports is shown in Figure 5. There are many control loops named as follows,

1) Input voltage regulation (IVR),

2) Output voltage regulation (OVR),

3) Battery voltage regulation (BVR), and

4) Battery current regulation (BCR).

3. Bifurcation and Chaos Theory Applied to DC-DC Converters

Bifurcation theory is introduced to nonlinear dynamics by a Frenchman named Poincare. It is used to indicate a
qualitative change in the features of the system, such as the number and the type of solutions, under the variation
of one or more parameters on which the considered system depends, Nayfeh and Balachandran [18].

Bifurcation and Chaos Applied to Buck Converter

In this section, the iteration mapping technique is applied, using a MATLAB code, on DC/DC buck designs. In
order to design a buck converter, the following input-output parameters are needed: Input voltage (Vi,), output
voltage (Vo), power rating (P,), switching frequency (fs), output voltage ripple (AVy), and inductor current ripple
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(Al). Then, the low pass filter parameters (L and C) can be calculated using the formulas in [19]. Depending on
the operation mode, either CCM or DCM, the value of the inductance is determined. The derivation shown in
[20] is for a CCM operation mode, and it isn’t valid for DCM operation mode. A third operating mode is added
to the previous two operating modes, and thus, a new derivation should be done. The capacitance value deter-
mines the amount of the high frequency ripple that is imposed on the output DC voltage. Table 1 lists the buck
parameters used in [21]. These values were used in this paper as a study case for nonlinearity test. The results
showed that the buck converter exhibit bifurcation and then a chaos behavior as the input voltage changes.

Figure 6 shows the inductor current (i (t)) as the input voltage changes. The current remains stable until V;,
reaches 9.85 Vdc. Then, it enters a period-doubling (bifurcation) region, and period-4 after that. Finally, a chao-
tic behavior was experienced. The same behavior happened to the output voltage (vc(t)) as shown in Figure 7.
Again, both the inductor current and the output voltage showed a chaotic behavior.

4. Three-Port Half-Bridge Converter

This section introduces the three-port topology. As shown in Figure 8, it is a modified version of PWM half
bridge converter which includes three basic circuit stages within a constant frequency switching cycle to provide
two independent control variables, namely duty-cycles d; and d, which are to control S1 and S2, respectively.
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Figure 5. Digital controller of multi-port converter for MPPT.

Table 1. Voltage-mode controlled DC/DC buck converter parameters.

Component Value
Resistor (R) 54Q
Inductor (L) 1mH
Capacitor (C) 22 pF
The reduction gain (q) 1

The gain (A) 1

Upper limit of the ramp signal (V,, ) 57V
Lower limit of the ramp signal (VL) 06V
Reference voltage 52V
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This allows tight control over two of the converter ports, while the third port provides the power balance in the
system. The switching sequence ensures a clamping path for the energy of the leakage inductance of the trans-
former at all times. This energy is further utilized to achieve zero-voltage switching (ZVS) for all primary switch-
es for a wide range of source and load conditions. The simulation will be discussed as follows.

4.1. DC Analysis

Assuming an ideal lossless converter, the steady-state voltage governing relations between different port voltages
can be determined by equating the voltage-second product across the converter’s two main inductors to zero.
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Figure 8. Three-port modified half-bridge converter topology.

First, using volt-second balance across the primary transformer magnetizing inductance, when operating in con-
tinuous conduction mode (CCM), we have:

Vy D = (va -V ) D, 1)
With Vp, = Vein + Ve, and Vy, = Vg, the voltage at the bidirectional port, Vi, may be given by:

__ b
D,+D, ™

b @)
where V,, is the voltage of the input port, D, and D, are the duty-cycles of S; and S, respectively, and T is the
duration of the switching cycle. Assuming CCM operation, the volt-second balance across the load filter induc-
tor yields:

DT (nV, -V, )+D,T (nV,, —nV, -V, )-(1-D, - D, )TV, =0

D,D 3)
V,=2—-2-nv,,
D, +D,

where n is the turn ratio of the transformer, and V, is the load-port voltage. This can also be re-written as:
V, =2D,nV, 4)

Assuming a lossless converter, steady-state port currents can be related by applying the power conservation
principle as follows:

valpv :Vblb +V0|0 (5)

where Iy, Ip, | are the average input, bidirectional battery, and load currents, respectively.

4.2. Operational Mode Definition

Having different operational modes is one of the unique features for this three-port half-bridge converter. Two
assumptions are made to simplify analysis: 1) Load power is assumed to be constant; 2) Battery over-discharge
is ignored because PV arrays and batteries are typically over-sized in satellites to provide some safety margins.
Four stages in satellite’s one orbit cycle yield two basic operational modes as follows.

In Battery-balanced Mode (Mode 1), the load voltage is tightly regulated, and the solar panel operates under
MPPT control to provide maximum power. The battery preserves the power balance for the system by storing
unconsumed solar power, or providing the deficit during high load intervals. Therefore, the solar array can be
scaled to provide average load power while the battery provides the deficit during peak power of load, which is
attracting to reduce solar array mass.

In Battery-regulation Mode (Mode 2), the load is regulated and sinks less power than is available, while the
battery charge rate is controlled to prevent overcharging. This mode stops to start Mode 1 when the load in-
creases beyond available solar power. That is, battery parameter falls below either maximum voltage setting or
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maximum current setting.

Three-port converter can achieve MPPT, battery charge control and load regulation depending on available
solar power, battery state of charge and load profile. In Stage I, battery acts as the exclusive source. In Stages |1
& 111, solar power is maximized to decrease battery state of discharge in Stage Il for initial insulation period and
then to increase battery state of charge in Stage 11l for increased insulation period. In Stage 1V, battery charge
control is applied to prevent battery over-charging and extend battery service life.

5. Experimental Results

Figure 9 illustrates a 200 W prototype. Power stage’s input port, battery port and output port are marked as in
the prototype photo. It consists of two boards, power stage board and controller board.

The values of circuit parameters used in the simulation and experimental circuit are listed in the following
Table 2.

The mode transition and control structure for both operational modes are tested through a 200 W prototype.
Power stage’s input port, battery port and output port are marked as in the prototype photo. It consists of two
boards, power stage board and controller board. All feed-back control loops’ compensators are implemented by
a direct digital design method. Figure 10 shows the waveforms when the power is transferred from input port to
the output load port, while battery port is chosen to be open. Output inductor current ILo has four stages, and
transformer magnetizing average current Ipri is zero, implying no battery power. Figure 11 shows the wave-
forms when the most power is transferred from input port to the battery port. Output inductor current ILo aver-
age represents the load current, which is zero. Therefore, negative ILo is observed. Ipri average value represents
the battery current, which is 7A.

DSP
(dsPIC30F2023)

Control
Board |
Input
Port
Battery
Port
.. Output
— Port
Power
Board
Figure 9. Prototype photo of three-port converter which consists of one controller board andone power board.
Table 2. Values of circuit parameters.
Output inductor Lo 65 uH Output voltage Vo 24V
Magnetizing inductor Lm 45 yH Input voltage Vin 60V
Output filter capacitor Co 680 pF Battery voltage A 28V
Battery port filter capacitor Ci 680 pF Input port filter capacitor C, 210 pF
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Figure 11. Loading battery port when the output current is zero.

Figures 12-14 show the gating signal Vg and switching node V, waveforms of the switches S;, S, and S, re-
spectively. The conclusion is that all three main switches can achieve ZVS, because they all turn on after their
Vs 0O tO zero.

Figures 15-17 show the efficiency curves when the power is transferred from one port to the other port. The
highest efficiency is observed when the power is transferred from solar port to battery port. The reason is that
this operation has minimal transformer losses, since the power is exchanged within the primary side.

Figure 17(a) shows mode transition from Battery-balanced mode (Mode 1) to Battery regulation mode (Mode
2) when battery maximum voltage setting of 29 V is reached. Solar panel first works under 1VVR control with
MPPT to maximize solar power, then it is forced to operate in solar panel’s voltage source region when IVR
loses control and BVR takes control over d,, so the input port provides power balance after the transition into
battery regulation mode. It can be seen that the transition of the proposed competitive method is smooth and
causes no oscillation that is experienced with the sudden transition of duty cycles. The battery voltage has 0.5 V
overshoot, and input voltage has 2.5 V overshoot, both are within acceptable range according to specifications.
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Figure 18(b) gives Mode 2 to Mode 1 transition when load level suddenly increases to force the battery to
source instead of sink. Since battery voltage setting cannot be met during discharging, d, will be controlled by
IVR since BVR quickly loses control, and solar panel quickly reacts to work under MPPT control so as to harv-
est maximum available solar power, and battery becomes to provide the power balance in Mode 1.

Figure 18(a) shows the input voltage, battery voltage and output voltage response to a load transient between
1A and 3A in Battery-regulation Mode. Output voltage transient response of 500 us settling time is much faster
than battery voltage settling time of 40 ms because OVR band width is ten times larger than that of BVR. Input
voltage changes according to load level changes because input port provides power balance. Figure 19(b) de-
monstrates the system transient response in Battery-balanced Mode when MPPT is active. The load step is from
1A to 5A. Input voltage response to load transient of 20 ms settling time is much slower than output voltage set-
tling time of 500 us because IVR crossover frequency is set at one tenth of that of OVR. Input voltage remains
uninterrupted at around MPP even during load changes, which is the unique feature of three-port converters,
because MPPT and load regulation cannot be achieved simultaneously by conventional two-port converter.
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6. Conclusion

In this paper, a new three-port converter interfacing the renewable energy input, battery terminal as well as out-
put terminal is proposed. Its operation principle is analyzed in details and a small signal model is derived to
guide the controller design. Simulation was carried out to verify the proposed converter. A nonlinear simulation
was carried out and the study shows that the converter is experiencing chaotic behavior because of some
changes in the input voltage V;,. Experimental results show that the proposed converter has the capability of re-
gulating the output voltage while maintaining the power balance between inputs and output power, which is very
suitable for renewable energy applications.
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