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Abstract- In this paper, a bidirectional multi-input converter having 3 inputs for electric
vehicles is investigated. In order to respond high power need of an electric vehicle
during acceleration, the studied converter has the capability of transferring source
energies to the output simultaneously by allowing active control of their power levels. It
also enables energy transfer between sources to store redundant power or so as to avoid
undercharge and overcharge conditions. Moreover, thanks to its bidirectional operation
capability, it is also possible to store regenerative braking energy to input sources while
keeping energy flow between these sources possible. After giving the deep analysis of
the converter operation modes, the converter is simulated through a switching model in
order to verify the analysis.
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ELEKTRIKLIi ARACLAR iCiN CIFT YONLU 3 GiRiSLI BIiR
DC-DC DONUSTURUCUNUN ANALIZzi

Ozet- Bu caligmada elektrikli araclarda kullamlabilecek 3 girise sahip ¢ok girisli bir
doniistiiriicii ayrintili bir sekilde incelenmektedir. Giris kaynaklarinin enerjilerini aktif
giic kontrolii yaparak yiike aktarabilen bu doniistiiriicii, elektrikli araclarin hizlanma
anlarindaki yiiksek gii¢ talebine cevap verebilme yetenegine sahiptir. Ayrica, kaynaklar
arasinda da enerji akis1 saglanabilmekte, bdylelikle fazla enerjinin saklanmas: ile
kaynak gerilimlerinin istenilen seviyelerde tutulabilmesi miimkiin olabilmektedir.
Kaynaklar arasindaki enerji akisina olanak saglamaya devam ederken, ¢ift yonli
calisabilmesi sayesinde, bu doniistiiriicii faydali frenleme enerjisini de kaynaklara
aktarabilmektedir. Adi gecen ¢alisma modlarinin ayrintili analizinden sonra, bu analiz
simiilasyon ortaminda bir anahtarlama modeli ile dogrulanmaistir.

Anahtar Kelimeler- Cift Yonlii, Cok Girisli Doniistiirticii, Elektrikli Araglar, Hibrit
Sistemler.

1. INTRODUCTION (GIRIS)

It is known that excessive usage of fossil fuels makes a great contribution to the global
warming. Therefore, studying on electric vehicles that utilize alternative energy sources and
increasing their penetration to the transportation system can strengthen our hands to fight
against global warming [1]. Among these electric vehicles, battery electric vehicles, fuel cell
(FC) electric vehicles, and solar (PV) electric vehicles having photovoltaic (PV) systems have
been comprehensively studied in the literature. However, the number of commercial electric
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vehicles is still limited since they suffer from several drawbacks, such as, low power density,
long charging time, short driving range, high cost, etc [2]. In order to overcome these
drawbacks, constructing hybrid systems concept is proposed [3]. Hybridization of these energy
sources not only eliminate the aforementioned drawbacks but also combines powerful features
of energy sources and energy storage elements. For building hybrid systems, researchers have
proposed passive hybridization techniques and several power electronics based solutions; for
example, separate converters are utilized in [4] for a FC/battery/ultra-capacitor (UC) vehicular
system, and a multi-input converter (MIC) is used in [5] to build a PVV/FC/battery power system.
MICs are known for their low cost, full power control ability, high energy density, and control
simplicity in comparison to other two methods [5]. In [6] and [7], a MIC is offered and analyzed
for 2-input case, then via a battery/UC hybrid energy storage system, its feasibility is verified.
However, energy transfer between its sources and 3-input case are neither analyzed nor realized.
Therefore, this study offers a deep analysis of this converter when it has 3 inputs. All possible
operation modes are introduced and typical waveforms in these modes are given. Combining
sources with different electrical characteristics and terminal voltages, this converter can easily
enable to build hybrid systems like battery/ UC in [8], FC/UC in [9], PV/UC/battery in [10], and
FC/battery/UC in [11].
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Figure 1.1. 3-input bidirectional converter. (3 girisli ¢ift yonlii doniistiiriicii)

The studied converter in this work is illustrated in Figure 1.1. As can be seen, it has 5 active
switches, 3 diodes, 3 inductors and one output capacitor. It can operate in buck and boost modes
when transferring energy to the output while it can operate in buck mode when transferring
energy from the output. S;, S, Ss, So, and T, switches are controlled by pulse-width-modulation
(PWM) with dsz, ds, dss, dso, and dro duty cycles, respectively. Inductors, L,, L, and L3 allow
bidirectional energy transfer and diodes D, D,, and D5 carry inductors currents, i1, i 2, and i3,
when the associated switch is OFF. Output capacitor, Co, charge or discharge and its current ic
becomes positive or negative according to the operation mode of the converter. Note that even
though it is possible to increase the input sources, this work focuses on 3-input case.

2. METHOD (YONTEM)

The proposed converter has four different operation modes as given in Figure 1.2. In Mode 1A
and Mode 1B, sources feed the output while in Mode 2A and Mode 2B, sources are fed by
regenerative braking energy. In the analysis, the converter is composed of ideal elements and its
inductor works in continuous conduction mode (CCM). Moreover, it is assumed that
V>V>V,>V3where Vy, V,, and Vs are source voltages and V, is the output voltage.
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Figure 2.1. Converter operation modes. (Doniistiiriicti ¢alisma modlari)
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Figure 2.2. Waveforms for Mode 1A and Mode 1B. (Mode 1A ve Mode 1B igin dalga sekileri)
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2.1. Mode 1A

In this mode, all sources transfer their energies to the output. Therefore, all inductor currents are
positive. Mode 1A consists of five switching subintervals as illustrated in Figure 2.2a.
Subinterval 1 [0<t<dyTs]: Att=0S;, S,, and S; are closed while S, is opened. In this period,
iy is increasing due to the positive voltage across L;. Conversely, i, and i s are decreasing
since negative voltages appear across L, and L. In addition, the output capacitor is charged by
positive inductor currents.

Subinterval 2 [ds; T <t<(1- dso) Ts]: Att=dyTs, S;is turned OFF while S, and S; are still kept
closed. Hence, i, starts to decrease like i, and i s because the voltage across L, also becomes
negative. Moreover, the output capacitor continues to be charged.

Subinterval 3 [(1- dy) Ts <t< ds;T5]: This interval starts by turning ON S, at t=(1- dy) Ts. In
this period, i; becomes constant due to the freewheeling while i, and i 3 are increased by
positive voltages across L, and Ls. Turning ON Sy also initiates the discharging of the output
capacitor to feed the load.

Subinterval 4 [ds;Ts <t< dgTs]: At t= ds,Ts, S; is turned OFF and freewheeling of i, also
starts. Moreover, i s is still increasing and the output capacitor is still discharging.

Subinterval 5 [ds;Ts <t< Tg]: Turning of S; starts the last switching subinterval of ModelA.
Like i, and iy, i 3 becomes also constant since the voltage across L; is zero in this period.
Furthermore, the output capacitor goes on the feed the load.

After completing the analysis of switching subintervals, equations summarizing the inductor
voltage variations can be written as follows:

V,-V,, O<t<dT,
v,(t) =9 -V, dg T <t<@-dg,)T, (2.1)
0, (L-d )T, <t<T,

V,-V,, 0<t<(l-dg,)T,
VL2 (t) = V27 (1_ dSO)Ts <t < dSZTs (22)
0, de,T, <t<T,
V,-V,, 0<t<(@-dg,)T,
VL3 (t) = V37 (1_ dSO)Ts <t < dS3Ts (23)
0, de T, <t <T,

By applying inductor volt-second balance to (2.1)-(2.3), the relationship between source
voltages, output voltage and duty cycles can be found as in (2.4).
Vidg, — Vods, — Vidss =V, 2.4)
(1_d30) (1_d50) (l_dSO)
Based on (2.4), one can notice that the ds;, ds, and dsz meet an equilibrium point according to
source voltages as given in (2.5).

V1d51 :Vzdsz :V3ds3 (2.5)

2.2. ModelB

In ModelB, Source-1 and Source-2 discharge to compensate load demand and to charge
Source-3. Hence, i; and i, are positive while i 3 is negative. Additionally, the state of S; is
unimportant in this mode so it is assumed that it is always OFF. This mode includes four
switching subintervals as given in Figure 2.2b.
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Subinterval 1 [0<t<dTg]: In this subinterval, the voltage and current variations of L; and L,
are same with the ones in the first subinterval in ModelA. On the other hand, due to the
negative voltage across Ls, it is charged by positive iy and i, so its current is decreasing
(increasing negatively). Moreover, since Sy is not conducting, the output capacitor is also
charged by L; and L.

Subinterval 2 [dyTs <t<(1-ds)Ts]: Like in the previous subinterval, in this subinterval, same
voltage and current variations of L; and L, take place with the ones in the Subinterval 2 in
ModelA. Additionally, i3 is still decreasing and the output capacitor current is still positive.
Subinterval 3 [(1- dy) Ts <t< dy,Tg]: At t=(1- dy) Ts, this subinterval starts by closing So. i3 is
decreasing while i, is increasing as in the third subinterval in ModelA. Because of the
positive voltage across Ls, its current starts to increase (decrease negatively). The output
capacitor starts to discharge for compensating load demand.

Subinterval 4 [ds,T:<t<Tg]: The last switching subinterval is initiated by turning OFF S,. i,»
also becomes constant i3 and the ic maintain their trend in the previous subinterval.

The inductor voltage variations in ModelB can be written as follows:

V.-V,  O<t<dgT,
v, () =< -V, dg,T <t<(@-dg,)T, (2.6)
0, (A—dg)T, <t <T,
V,-V,, 0<t<(@-dg,)T,
Vi, (t) = Vzv (1_dso)Ts <t< dssz (2.7
0, dg,T, <t<T,
V()= V, -V, O0<t<(l-dg,)T,
BV, @-dg)T, <t<T,

By applying inductor volt-second balance to (2.6)-(2.8), the following relationship can be
obtained.
Vd V.,d V.
1Ms1  __ Y2¥s2 3 =V, 2.9)
(1-dg) (1-dgo) (1-dg,)
Based on source voltages, ds; and ds, change as given in (2.10).
Vids, =V,ds, =V, (2.10)

(2.8)

2.3. Mode2A

In this mode, regenerative braking energy is stored into Source-2 and Source-3; unlike these
sources, Source-1 is not charged since the converter operates only in buck mode when storing
regenerative braking energy. Thus, i, and i3 are negative. L, automatically operates in
discontinues conduction mode (DCM) because of the reason that will be explored later on.
Moreover, i 4 is zero because the reference power of Source-1 is also zero. Mode 2A has three
switching subintervals as shown in Figure 2.3a.

Subinterval 1 [0<t<dr,T]: In this period, Toconducts therefore regenerative braking energy is
transferred to the sources. The inductor voltages are negative and their currents are decreasing.
The current of the output capacitor is also negative since it is discharged.

Subinterval 2 [droTs <t<d;T]: At t=doTs, Tois turned OFF and i, reaches its peak value. Due
to the positive voltage across L, and L, they start to discharge so their currents are decreasing.
Furthermore, ic becomes positive as regenerative braking energy charges the capacitor.
Subinterval 3 [ds T, <t<Tg]: This subinterval starts when i,, becomes zero at t= d;. Moreover,
iz is still decreasing and i is still positive.
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Figure 2.3. Waveforms for Mode 2A and Mode 2B. (Mode 2A ve Mode 2B i¢in dalga sekileri)

The inductor voltages for these three subintervals can be given as follows.
V,-V,, 0<t<dgT,
v,(t) =< V,, dg, T, <t<d;T, (2.11)
0, d,T, <t <T,

V()= V,-V,, O0<t<d,,T, )10
BRIV, dg T <t<T, (212)

By applying inductor volt-second balance to (2.12), the output voltage equation depending on
V3 and dy, can be found as given in (2.13).

V.

A

dTO
Peak value of i , can be easily calculated by examining Subinterval 1 or Subinterval 2. Since i,
has constant slopes in these periods, the following equation can be written.

. V,-V,)d Vv, d

i | = oY) o Yo 8 (2.14)

LZ fS LZ fS

According to (2.14), one can deduce that greater difference between V, and V, results in greater
iLo peak. In addition, increasing switching frequency, denoted by f;, decreases the peak value of
i|_2.

(2.13)

AP A

V2 " V2 VO

(2.15)
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In order to proof that L, works in DCM due to the assumed source voltage levels, let ds be equal
to 1-droand solve (2.15). As given in (2.16), in this case, voltage level of Source 2 and Source 3
should be equal.

V, =V,, ford; =1-d;, (2.16)
From (2.16) one can see that if V, is greater than V3, ds becomes lesser than 1-d, therefore i,
reaches to zero before the end of the switching cycle; in other words, L, works in DCM.

Finally, average values of inductor currents can be calculated as in the following equations
where P, is the output power.

lioal= |IL2;’K| (dro+d,) (2.17)
|IL3—av| - V3 (218)
2.4. Mode2B

By recovering the regenerative braking energy, the studied converter can also enable energy
transfer from the Source 1 to other two sources. This mode is quite useful to prevent sources
from being overcharged/overdischarged and to store available renewable energy, such as solar
energy. As shown in Figure 2.3b, iy is positive while i , and i 3 are negative in this mode, and
i3 still works in DCM. There are four different switching subintervals associated with this
mode as analyzed below.

Subinterval 1 [0<t<ds;T]: In this period, both ds; and d are conducting. All inductors are
charged and the output capacitor is discharged.

Subinterval 2 [ds; T <t<dtoTg]: At t=ds;, S; is turned OFF and i, starts to decrease since the
voltage across L1 becomes negative. Moreover, iy, i3, and ic continue to decrease as in
Subinterval 1.

Subinterval 3 [d T, <t<ds;T]: By opening T, at t=dr,, the body diode of Sy starts to conduct
therefore the voltage of the inductor coupling point becomes zero. i ; becomes constant since
voltage of L, is zero and i , and i s starts to increase due to positive voltage across inductors.
Furthermore, ic is positive due to the regenerative braking energy.

Subinterval 4 [dsTs <t<T;]: At =ds, i.» becomes zero and this subinterval starts. i s is still
decreasing and i, is still constant. Moreover, the output capacitor goes on to be charged.

The inductor voltages variations for Mode 2B can be written as follows.

V,-V,, O<t<dgT,
v,(t) =4 -V, dgT, <t<d;,T, (2.19)
0, d. T, <t<T,
V,-V,, 0<t<dgT,
V,({t) =1 V,, dg, T, <t<d;T, (2.20)
0, d,T, <t <T,
v, (t) = {V3 V:/°’ ST:TZ ZTLOTT (2.21)
According to inductor volt-second balance, by utilizing (2.19) and (2.20), the relationship
between the output voltage, source voltages and duty cycles can be found as in (2.22).
Vs Vg _

V 2.22
dTO dTO ° ( )
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From (2.22), it can be seen that in order to charge Source-3 by Source-1, V; should be higher
than V3 as expected. In this mode, the average of i,, can be calculated as in Mode 2A by (2.17).
Therefore, it does not change with the increasing i ;. Finally, the average of i 5 can be calculated
as below.

. _ |Pout|+VlIL1—av _V2 |IL2—av|
|IL3—av| - V.

3

(2.23)

3. FINDINGS (BULGULAR)

Although a switching model does not allow long time simulations due to the computational
burden, it allows simulating power electronic converters in a great accuracy. Therefore, in order
to test the converter, a switching model is created in PSIM environment.

Table 3.1. Simulation parameters. (Simiilasyon parametreleri)

N 100V
vV, 120V
V, [0\

V3 60V
Li=L,=L, 150puH
Co 2000uF
fs 20kHz

In the simulation model, metal-oxide-semiconductor-field-effect-transistors (MOSFETS) are
controlled by pulse-witdh-modulation (PWM) controllers. A load profile that represents
propulsion and regenerative braking instants of an electric vehicle lasting 8-seconds is
determined. Like in the analysis, in the simulation it is assumed that V;>V>V,>Vs. All
simulation parameters are given in Table 3.1. Proposed control strategy for this work is
illustrated in Figure 3.1. According to this figure, if the output power, P, is greater than zero,
two PI controllers adjust ds; and ds, to control power levels of Source-1 and Source-2. Then,
after deciding ModelA or ModelB is necessary, another Pl controller controls dss; or dgp to
transfer energy from/to Source-3. In ModelA ds, is kept at 0.5 for control simplicity. If Pg is
lower than zero, in other words, in the existence of regenerative braking energy, dy, is adjusted
for output voltage regulation while dg, is always OFF. In this case, Py is regulated its reference
value through a PI controller that controls ds;. Since this work mainly focuses on the analysis of
the converter and operation modes, it is not targeted to propose an optimum control strategy.
Therefore, reference values of source power levels are determined arbitrarily: reference of P, is
assumed to be 300W between 0~4s and 100W between 5s~7s; moreover, reference of P, is
calculated to provide extra power on condition that it does not exceed 500W.

P,>0

Py<0

"~

Figure 3.1. Proposed control strategy. (Onerilen kontrol yéntemi)
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Figures 3.2-3.4 show simulation results. In Figure 3.2a, variation of output power is given. As
can be seen here, it is varied between 1000W and -500W with different rising and falling slopes.
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Figure 3.2. a) Output power (Cikis giicii), b) Output voltage (Cikis gerilimi)

In Figure 3.2b, the output voltage is given. From this figure, one can see that it is successfully
regulated at 100V despite of varied output power and varied source power levels as highlighted
below.
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Figure 3.3. Power levels and power references of Source-1 and Source-2. (Kaynak-1 ve
Kaynak-2’nin gii¢ seviyeleri ve gii¢ referanslari)

-200
0

From Figure 3.3 that demonstrate power levels and power references of Source-1 and Source-2.
As seen, even though PI controllers in the simulation model are not optimized, power level of
sources well follow their reference values when the output power is positive or negative.
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Figure 3.4. Power levels of Source-3 and mode transition points. (Kaynak-3’iin gii¢ seviyesi ve
mod degisim noktalar)

Finally, Figure 3.4 shows the variations in P; and mode transition instants. In the beginning of
the simulation, since total power of other sources are higher than the output power, the
converter works in ModelB and charge Source-3 as can be deduced from its negative power. By
the increment in the output power, Source-3 starts to discharge in ModelA. After 4s, the
converter changes its mode to Mode2A, and transfers regenerative braking energy to Source-3.
At 5™ second, P; increases from zero to 100 as can be seen in Figure 3.3. At that moment, P;
decreases (increases negatively) sharply and converter mode becomes Mode2B since Source-1
also charges Source-3.

4. CONCLUSION AND DISCUSSION (SONUC VE TARTISMA)

In this paper, a bidirectional multi-input converter dc-dc converter for 3-input case has been
analyzed. This converter can be utilized to construct hybrid systems for electric vehicles that
may include different energy storage elements, such as, batteries, UCs, and alternative energy
sources, such as, PVs, FCs; by this kind of hybridization, it can eliminate their drawbacks and
gather their powerful features. Four different operation modes of the converter have been
introduced; typical waveform for these modes has been given. After that, equations as functions
of source voltages, output voltage, and duty cycles for each mode have been derived. Finally, a
switching simulation model has been created and dynamic performance of the converter has
been tested. According to test results, it has been seen that the converter can enable power
sharing between sources as expected and mode transitions are realized properly.
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