i?‘lg electronics

Article

Design of a Resonant Converter for a Regenerative Braking
System Based on Ultracap Storage for Application in a Formula
SAE Single-Seater Electric Racing Car

Alberto Dolara *%({, Sonia Leva 1110, Giacomo Moretti 12, Marco Mussetta 1*f

and Yales Romulo de Novaes

check for

updates
Citation: Dolara, A.; Leva, S.; Moretti,
G.; Mussetta, M.; de Novaes, Y.R.
Design of a Resonant Converter for a
Regenerative Braking System Based
on Ultracap Storage for Application
in a Formula SAE Single-Seater
Electric Racing Car. Electronics 2021,
10,161. https://doi.org/10.3390/
electronics10020161

Received: 25 November 2020
Accepted: 1 January 2021
Published: 13 January 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional clai-
ms in published maps and institutio-

nal affiliations.

Copyright: ©2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2,1

Dipartimento di Energia, Politecnico di Milano, 20133 Milano, Italy; sonia.leva@polimi.it (S.L.);
giacomol.moretti@mail.polimi.it (G.M.)

Power Electronics Laboratory, Universidade do Estato de Santa Catarina, Joinville, SC 89219-710, Brazil;
yales.novaes@udesc.br

*  Correspondence: alberto.dolara@polimi.it (A.D.); marco.mussetta@polimi.it (M.M.)

1t These authors contributed equally to this work.

Abstract: Electric mobility can represent a game changing technology for the long-term sustainability
of the transportation sector. Pursuing this target, a model to simulate an Electric Vehicle (EV) for
Formula SAE Electric competition is herein proposed: all the subsystems of the EV and the hybrid
storage of the Li-ion batteries and Ultra-Capacitors (UCs) are implemented, in order to store the
kinetic energy of the regenerative braking in the storage system through the Kinetic Energy Recovery
System (KERS). A bidirectional DC-DC resonant converter is herein applied to the KERS to manage
the UC pack. The operational limits of the proposed system, keeping the soft-switching properties,
are discussed, and the results show the capability of the converter to operate under resonant mode
in both boost and buck mode. A drawback is the presence of high current peaks in the resonant
inductor. The use of more than one converter in interleaving and the adoption of a suitable capability
factor ensure the proper operation of the system.

Keywords: resonant converter; ultracaps; regenerative braking; electric vehicle

1. Introduction

Today, the awareness of environmental and climatic problems is growing in social and
political life. The challenge is to push the technological boundaries to face the sustainability,
affordability, and reliability problems of development [1]. Every human activity pays a
cost in terms of environmental impact: the whole transportation sector accounts for 20.44%
of the global CO, emissions according to The World Bank [2] and to the IEA (International
Energy Agency) [3]. The rise of global interest in this electric challenge is pushing the
traditional automotive industry to develop the required technology. It is in this scenario
that in 2013, from the well-known Society of Automotive Engineers, SAE International®,
the Formula SAE Electric was born [4]. Hybrid energy storage, such as the combination
of Li-ion batteries and Ultra-Capacitor (UC) banks, allows combining devices suitable for
storing large amounts of energy with devices suitable for providing power bursts [5]. This
energy storage configuration is the best solution for an EV designed to compete in car
races in which recurring high power bursts for short times occur during acceleration and
regenerative braking [6,7].

The Kinetic Energy Recovery System (KERS) is the set of devices that allows recovering
kinetic energy during braking and releasing the recovered energy under acceleration [8]. A
power converter is necessary to process and control the flow of electric energy between
energy storage and the propulsion system. Resonant converters have several advantageous
technical features that make them particularly suited for KERS applications onboard electric
racing cars: high power density, low electromagnetic interference (EMI) emissions, high
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efficiency, and low commutation losses thanks to soft switching techniques, resulting in
compact, lightweight, reliable, and high efficiency converters [9].

The resonant converter topologies are numerous [10]. They can be classified according
to topology as Series Resonant Converters (SRCs), Parallel Resonant Converters (PRCs),
or series-parallel configurations, depending on the position of the load with respect to
the resonant tank, and they may have two or three resonant elements. They may operate
in Discontinuous Conduction Mode (DCM) or Continuous Conduction Mode (CCM),
and below resonance and above resonance operation are possible. In DCM operation,
resonant converters deliver power to the load as a sequence of current pulses with a
variable repetition rate. In DC-DC resonant converters, the voltage and current regulation is
obtained by a frequency modulation, instead of the duty ratio modulation that characterizes
the traditional hard switching Pulse Width Modulation (PWM) converters. Switching
frequency control, combined with the nonlinear relation among switching frequency,
voltage gain, and load current, increases the control complexity as compared with DC-DC
PWM converters operating in CCM, in which the duty ratio regulates the voltage gain
regardless of the load current.

This paper proposes a new bidirectional buck-boost resonant converter suitable for
KERS applications. Its resonant tank is made of two elements, L and C. DCM operation
below resonance frequency is selected as it allows zero current switching (ZCS). The
methodological approach chosen for the detailed analysis of the converter was presented
in [11]. The converter operation as a buck and boost configuration is analyzed in different
time stages by solving the circuit equations in each time interval. The topological states and
the operating limits of the resonant converter technology (high efficiency converters [12,13])
to make use of the advantages presented by the UCs are investigated. Besides, the model of
the whole EV representing the mechanical, electrical, traction, braking, and storage systems
is developed [14], and the resonant converter is included to interface with the UC energy
storage of the KERS. The design of the resonant converter, namely the sizing criteria for the
resonant tank and the power semiconductor devices, compliant with the EV drivetrain,
batteries, and UC pack constraints, is then presented. A detailed analysis is presented and
validated through numerical simulations. An interleaved solution and the capability factor
are proposed as methods to enhance the KERS converter performance, ensuring the proper
operability of the system.

The paper is organized as follows. Section 2 presents the model of the Formula SAE
Electric single-seater electric racing car, divided into sub-models connected together. In
Section 3, the KERS converter is proposed and its model is derived. Section 4 deals with the
KERS resonant converter design and simulation. In the end, some conclusions are stated.

2. Formula SAE Electric Single-Seater Electric Racing Car Model

The main target of the electric racing car model is to compute, at any time step (At)
of the simulation, all the electric quantities (power, voltage, and current) at the KERS
terminals.

Figure 1a shows the block diagram of the complete EV model, where one block for each
sub-system of the vehicle is considered, as described in the following. Figure 1b shows the
electrical diagram [12] of the EV, where the main elements and the corresponding voltages
and currents are represented.

From a given speed profile, the Pilot block generates the acceleration and deceleration
signals that control the motor and the braking systems, respectively. The Mechanical
Drivetrain block calculates the net torque applied to the vehicle, which is the input of the
Dynamics block, where the equations of motion are implemented and the driving variables
such as acceleration (a), speed (v), and position (x) are computed. When braking is needed
to slow down the EV, the Braking System block calculates the available regenerative energy.
The model is implemented using power equations to relate the subsystems and regulate the
driving simulation [5]. In the following, a detailed description of each block is provided.
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Figure 1. Overall EV model diagram and EV electric scheme. KERS, Kinetic Energy Recovery System.

Drive Cycle block

The Drive Cycle block is the source of the reference motion data. Its outputs may be the
displacement, the speed, or the acceleration. In this work, as well as in many automotive
applications, the reference speed profile is considered, as shown in Figure 2.
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Figure 2. Vehicle speed profile vs. drive cycle speed.

Pilot block

The Pilot block receives as input the target speed, from the Drive Cycle block, and
the actual vehicle speed, from the Mechanical Drivetrain block. A PID controller compares
these speeds and generates an acceleration or braking signal. Figure 3 shows the action
generated by the Pilot block.
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Figure 3. Input speed profile (blue), command signal (black), and acceleration/deceleration signal in-
tensity.
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Motor block

Starting from the vehicle speed, the Motor block provides the torque 7,0 generated by
the motor according to its torque-speed curve.

Braking block

Starting from the braking signal, the Braking block compares it with the maximum
regenerative torque (Tyeg,,,) and splits the braking torque into the allowed regenerative
braking torque (Treg) and the additional friction braking torque (Tfyiction) that is required
to properly slow down the vehicle.

Mechanical drivetrain block Starting from the control signals and the torques gener-
ated for the direct (motor traction) or reverse operations (braking), the Mechanical Drivetrain
passes to the Dynamics block the torque (T,,.¢) applied to the vehicle: this is calculated as
the algebraic sum of motor torque (Tyot), the braking torque due to friction (Tfiction), and
the braking torque due to regenerative braking (Tregenerative):

Tnet = Tmot — Tfriction — Tregenerative 1)

During direct operations, the motor torque is greater than zero, while the braking
torque due to friction and regenerative braking are both zero. On the contrary, during
braking operations, the motor torque is zero and the braking torques due to friction and
regenerative braking are non-negative, their values depending on the share between friction
and regenerative braking. Figure 4 shows the different components of the torque at the
vehicle shaft for motor traction and braking operations.
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Figure 4. Net torque components.

Dynamics block

The Dynamics block models the vehicle dynamics by means of the power balance
equation. The angular acceleration (wy;), the angular speed (wy,), as well as the linear
acceleration (a), the linear speed (v), and the position (x) are computed in each time step [5].
This analysis is theoretically based and implemented in 2D. The power balance of the EV is:

Puotor + Presistant + Plosses =0 (2)

where the three contributions are defined as follows.
Piotor is given by the electromagnetic power generated by the motor minus the power
due to the motor inertia:
Protor = T * Wi — i - O - Wi 3)

where T, is the electromagnetic torque generated by the motor, w;, is the motor angular
speed, wy, is the motor angular acceleration, and J; is the motor moment of inertia.
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Py esistant is the power related to the motion resistances, which are the gravity force on
a graded road, friction, aerodynamic force, and inertia:

Presistant = —M - g - sin() - 0 — Tres  Wep — 5 " Pair S frontal - CD 0 = [l w4

where M is the overall weight of both the vehicle and pilot, g is the gravity acceleration,
« is the road tilt angle, Ty is the friction torque, p,;, is the density of the air, S¢op101 18
the frontal surface of the vehicle, Cp is the aerodynamic drag coefficient, v is the vehicle
speed, and J; is the equivalent vehicle rotational inertia, including the vehicle’s and wheels’
moment of inertia.
Posses Tepresents the overall losses, assuming them linear with the electromechani-
cal power:
Piosses = —(1=1) - T - ®)

where the efficiency (i) takes into account the overall mechanical losses.
Concerning the inertial terms, they can be easily obtained as the first order derivative
of the kinetics energy. For the motor side, it is:

dEg,.., d (1 .
d';(]m:dt<2']m'w3n>:]m'wm'wm (6)

For the vehicle side, the kinetic energy terms due to both vehicle speed and wheels
angular speed have to be taken into account:

Er .
d’g;’m—i(4~(;-Jw~wi)+;-M-v2)—1:-I<%r-wm-wm @
where wy, is the wheels” angular speed, J;, is the wheels’ moment of inertia, Ry, is the wheel
radius, and Ky is the transmission ratio; as a consequence, v = wy, - Ry = Kir - Wi - Ry
In this work, K, is introduced for the sake of completeness; for an EV, it is usually equal
to one.
The resistant torque ;s in (4) can be better represented by substituting the follow-
ing relations:
Tres = M - g - cos(a) - f5- Ry (8)

where M - ¢ - cos(a) is the net ground reaction force and f; is the dynamic friction.
By substituting (8) in (4) and substituting (3-5) in (2), the equation of motion becomes:

(T — Jm - Om) - wm =M - g+ [fg-cos(a) + sen(a)] - Ry - Ky - o+

1 , ©)
+§ 'Pair'sfrontal’CD 'w%~R3;-K?r+Ir* *Wm 'wm'Ktzr

Here, the net power at the motor side minus the motor inertia is equal to the sum of
the rolling and grading resistances, the aerodynamic drag, and the vehicle inertia.

The angular acceleration, as well as the linear speed and the position are derived from
the solution of (9).

Inverter and Storage Management block

Starting from the absolute value of the electromechanical power required for motion,
the Inverter and Storage Management block calculates the absolute value of the power and
current at the inverter DC side (P;,;), as follows:

b Jtma Puotor  braking operation o _ P (10)
o Puotor motor traction TPC T Vi
Mmd

where 177,,,4 is the overall efficiency of the motor drive, Pytor is the absolute value of the
electromechanical power generated by the motor, and V;,,;, is the voltage of the vehicle DC
bus, which is the same voltage applied both to the battery pack terminals (Vzp) and to the
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DC bus side KERS converter terminals (Vigrs). Depending on direct or reverse operation,
a control signal is generated to control the KERS and to split the inverter current into the
battery pack current (Igp) and the KERS current (Ixggs).

Battery Pack block

Starting from the battery pack (BP) current (Igp) as input, Battery Pack block calculates
the State of Charge (SOC) and the corresponding voltage (Vpp) per each time step (At). The
minimum levels of SOC and Vpp work as a backstop function, and they set the operational
limit to guarantee the reliability and durability of the batteries.

The battery pack model is based on the Butler—Volmer physical approach [15]. The
equation that describes how the electrical current (i) through an electrode depends on the
voltage difference between the electrode and the bulk electrolyte is:

ﬁDF(E+7> 7ﬁrF(E+ )
] 1 ) 1)

i= nsF<k0ag“e R —k,a,"e” KT

where the subscripts 0 and r indicate the state for oxidation and reaction, respectively, 1 is
the number of the electrochemical steps excluding repetitions, k, and k, are the chemical
equilibrium coefficients, a;° and a;" are the activity coefficients, F is the Faraday constant,
1 is the overpotential, and E is the equilibrium electrode potential. The overall cell voltage
Vcell is:

Vcell =E" + 7]+ —E" — N = el (12)

The BP works as the main storage source of the vehicle. The battery pack layout is
derived from the voltage (V;,;,) and from the current (I;;,,) requirements at the inverter
DC side.

The number of cells in series (15) and the number of strings in parallel (1) are

defined as:
o Vinv . o Iinv

ng = ;o Nnp =
Vcell Ic

(13)
ellNom

where Vi, is the rated no-load voltage of each cell and Iyopm,,, is the rated cell current.
Figure 5 shows the input of the Battery Pack block, that is the current at the BP terminals
(Igp), and the outputs, which are the voltage at the BP terminals (Vpp) and its State of
Charge (SOC), along the whole drive cycle.

KERS block

The KERS block receives as input the logic signal from the inverter and storage
management block, which is a request to activate, and calculates the KERS current (Ixgrs),
which depends on the state of charge of the UC pack (SOCy;¢c) and the allowable charge
and discharge current (I;;c). Figure 6 shows the input of the KERS block, which is the
regulation signal, and the outputs, which are the current (Ixgrs) and the voltage (Vy;¢c
at the UC terminals, along the whole drive cycle. The UC pack is sized as the BP.

The aim of this additional system is to exploit the UC peculiarities of high current
capability, thermal stability, long ELD (Estimated Life Duration), and very fast behavior in
both charge and discharge, to help the BP in the most critical driving phases. As shown in
the first graph in Figure 6, the current capability decreases proportionally to the voltage
drop during discharge. In the second graph, the voltage behavior of the UC pack is
represented. The discharge voltage is limited by Viicpack,,,,- When the voltage of the UC
pack reaches the minimum value, the KERS stops operating. In the last graph, the signal
that controls the regeneration during braking is displayed, where 1 means ON, while 0
is OFF.

pm:k)
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Figure 5. Battery pack current, battery pack voltage, and state of charge.
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Figure 6. KERS current, resulting UC voltage, and regeneration brake control signal (Reg. signal).

3. KERS Converter

Resonant converters are suitable for KERS applications [12,13] due to their features
of high efficiency at high switching frequency, their compactness, and their scalability.
The small size of the passive components and high power density can be achieved by
increasing the switching frequency. In contrast to conventional PWM converters that are
based on hard switching and suffer from high switching losses [16], resonant converters
use a resonant tank—an L — C circuit—to turn on and turn off at zero current (ZCS) or zero
voltage (ZV'S) [17], resulting in negligible switching losses [18], hence high efficiency and
small heat sinks [19]. The converter proposed in this work is a bidirectional ZCS converter
presented by Figure 7. The bidirectional capability is obtained by adding switches S; and
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S, and diodes D3 and Dy to the original boost converter presented in [13]. This improved
topology can also operate as a buck converter transferring energy from Vs to Vj,.

Lout

Resonant Tank St

Vout

&

Figure 7. Resonant buck-boost converter.

3.1. Topology Analysis

The operation principle, both in boost mode and in buck mode, as well as the charac-
teristics of the chosen converter for the EV application as the KERS interface are presented
here. The converter analysis is based on the following assumptions [20,21]:

* the converter is analyzed in the steady state;

¢ the switches and the diodes are treated as being ideal;

*  Josses in the inductive and capacitive elements of the resonant tank are neglected;
e the voltages at the input and output terminals are assumed to be constant.

3.1.1. Boost Analysis

In boost operation mode, the pair of switches Sz and Sy is controlled by a complemen-
tary square-wave with a 50% duty cycle D;, and the pair of switches S; and S, is kept in
the off state. Each half switching cycle consists of three stages, as illustrated in Figure 8.

Tout

L, Dy |+ :
Vout == Clout g Bout

(a) Stage 1 (boost). (b) Stage 2 (boost).
D, i
e g ' RS
T Yy s § s Vour == Cout Rout
i ipy 4 ‘7% - -r",,+ o _
(c) Stage 3 (boost). (d) Stage 4 (boost).

Figure 8. Representation of the topological stages.

Stage 1 [to, t1]
At the beginning of the switching period at fy:

*  the resonant tank capacitor C, and the resonant tank inductor L, are uncharged;
e S3turns off, and S4 turns on;
e D, results in forward bias, and Dy results in reverse bias.
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When S4 turns on, the resonant tank charges C, through the inductor L,. At 1, the
voltage across C, reaches the output voltage level Vo, D1 becomes forward biased, and this
transient ends. The inductor current is I 30,5 The state-space equations of this stage are:

(1) = G G0

The solution of (14) in the Laplace domain [10] is:

ILr(S) - Sqfﬁvm 1
_ Vs (15)
VCT(S) — 1+s2L,C,
The inverse Laplace transformation [10] gives:
iLr(t) = sinc(jgof) % (16)
vcr(t) = Vin[1 — cos(wot)]

where wg = \/LlT is the resonant angular frequency.
r-r

In order to get generic results, the per unit state variables, if,(f) and v, (t), are intro-
duced:

{W) i 17)

where Z, = ,/é—: is the resonant impedance. Finally, the per unit state variables are
included in the state vector z:

z = ver(t) + jir, (t) (18)
Stage 1 is described by the following state vector:

Z1,boost = (1 - cos(wot)) +j(Sin(w0t)) (19)

Assuming the boost mode voltage gain defined as Gpyost = “/}’_“f , the capacitor voltage

at the end of Stage 1 is Gy,,s;- Therefore, the duration of the first stage is:

1
Atjg =1t —tg = (70(7'( — arccos(Gpopst — 1)) (20)

The resulting per unit inductor current is:

. I .
iLr(t1) = I poost = A ;o; = sin(woAti) (21)
m T

Stage 2 [i1, f7]
At the beginning of Stage 2 at ¢;:

*  ucr(ty)is equal to Voue, and ir,(t1) is equal to I poosts
e Sjisstill off, and Sy is still on;
e D, is still forward biased, and D; results in forward bias.
ver(t) is equal to Vi, and i, (t) drops linearly to zero. As soon as the current in the

inductor reaches zero, diode D; becomes reverse biased (Vyur > Vi) and Stage 2 ends. The
state vector during Stage 2 is:

Z2 boost = (Gboost) +j(w0(1 - Gboost) + Il,hoost) (22)

The duration of this stage can be calculated as:
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1 I
At21 —ty = — 1,boost

(23)
wo Gpoost — 1

Stage 3 [i, f3]
At the beginning of Stage 3 at t,:
e ir,(t) has just reached zero, and vc,(t) is clamped at V,,;
e  Sjisstill off, and Sy is still on;
e D, results in reverse bias, and D; is still forward biased.
iry(t) = 0, and there is no power transfer at the converter input terminals. The state

vector during Stage 3 is z3 poost = Gpoost- It ends at half of the whole switching cycle:
wst = 7. Therefore:

wsAtzy = 7T — WAty — wsAtyg (24)

Stage 4 [t3, t4]

At the beginning of Stage 4 at f3, that is the beginning of the second half of the
switching period:

*  ucr(tp) is equal to Ve, and ip,(#1) is equal to zero;
e Sz turns on, and Sy turns off;
e Dj results in forward bias, and D, results in reverse bias.

Stage 4 is similar to Stage 1. The turning on of S3 triggers the transient of the resonant
tank that discharges C,. At t4, vc, drops to zero, Dy becomes forward biased, and the
transient ends. The Laplace transform of the state space equations during Stage 4 is:

Cr
I (s) = gp &g Vin o5
V — Vaut _ Vin/s ( )
C?’(S> - s 1+s2L,C,

The state vector during Stage 4 is:

Z4,boost = (Gboost -1+ COS((Uof)) - j(SiH(wot)) (26)

The duration of Stage 4 is the same as Stage 1 (Aty3 = Atyg), and the inductor current
at the end of Stage 4 is I yo0st = 1 poost-

Stage 5 [t4, t5]
At the beginning of Stage 5 at f4:

*  uc(ty)is equal to zero, and ip,(t1) is equal to Iy pepsts
e 5, isstill off, and Sj is still on;
e D, isstill forward biased, and D; results in forward bias.

Stage 5 is similar to Stage 2. The current I, reduce linearly to zero; the initial current is
the same as Stage 2, as well as the voltage applied to L,. The state vector during Stage 5 is:

25 boost — 0+ j(wO(l - Gboost) + Il,boost) (27)
The duration of Stage 5 is the same as Stage 2 (Atsq = Atpg).

Stage 6 [is, f4]
At the beginning of Stage 6 at fs5:

*  i1,(t) hasjust reached zero, and v, (t) is zero;
e S, isstill off, and Sj is still on;
e D results in reverse bias.
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Stage 6 is similar to Stage 3. There is no power transfer at the converter input terminals.
The state vector is z¢ 4505t = 0. The duration of Stage 6 is the same as Stage 3 (Atgs = Atzp),
and the end of Stage 6 corresponds to the end of the switching cycle.

3.1.2. Buck Analysis

In buck operation mode, the pair of switches S; and S; is controlled by a complemen-
tary square-wave with a 50% duty cycle D;, and the pair of switches S3 and Sy is kept in the
off state. Like in boost operation mode, each half switching cycle consists of three stages, as
illustrated in Figure 9. Each stage is similar to the corresponding stage in boost operation
mode, and it is modeled in the same way.

(a) Stage 1 (buck).

L. 8 1 L .
T ipy 2 4‘: +K’, ot Trg
q -

ul al o
Cin Rin & Vin Cin Rin & Vin i
T ; Dy T ; Dy

T

(c) Stage 3 (buck). (d) Stage 4 (buck).

Figure 9. Representation of the buck topological stages.

Stage 1 [to, 1]
At the beginning of the switching period, tg:

*  vcr(tp) is equal to zero, and if, (1) is equal to zero;
e S, turns off, and S; turns on;
. D3 results in forward bias, and D4 results in reverse bias.

The turning on of S; triggers the transient of the resonant tank that charges C;, which
ends at t1, when ve, (t1) = Vour, and Dy becomes forward biased. The state vector and the
duration of Stage 1 are:

21 puck = (g — 1)(1 = cos(wot))) + (g — 1) sin(wot)) 28)
tip =1t —ty = wio(n - arccos(%))

where Gy, = Vi The inductor current at the end of Stage 1 is:
buc Vuut

I puck = (Gpuck — 1) sin(woAtyg) (29)

Stage 2 [i1, f]
At the beginning of Stage 2, ¢1:
*  ucr(ty)is equal to Vout, and ip,(t1) is equal to I pycks
e 5, isstill off, and 57 is still on;
. Dj is still forward biased, and Dy results in forward bias.
During Stage 2, v¢,(t) is clamped at Vy,¢ and if,(f) drops linearly to zero. As soon as

the current in the inductor reaches zero, diode D3 becomes reverse biased (Vs > V;,,) and
Stage 2 ends. The state vector and the duration of Stage 2 are:
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22 buck = (ﬁ) + j(Il,buck - WO(t - tl)) (30)
I 1UC)
Atyy =ty —ty = F5o*
Stage 3 [f, £3]
At the beginning of Stage 3, :
e ir,(f) hasjust reached zero, and vc,(t) is clamped at V,,s;
e  Ssisstill off, and Sy is still on;
e Djresults in reverse bias, and Dy is still forward biased.
The state vector during Stage 3 is z3 j,cxk = ﬁ Stage 3 ends at half of the whole
switching cycle, which means w;t = 7. Therefore:
wsAtgz =70 — (UsAtm — wsAtlo (31)

Stage 4 [t3, t4]
At the beginning of Stage 4, t3:

*  uce(tp)is equal to Ve, and i, (t1) is equal to zero;
e S, turns on, and S; turns off;
e D, results in forward bias, and Dj results in reverse bias.

Like Stage 1, the turning on of S3 triggers the transient of the resonant tank that
discharges C,. As soon as v¢, has dropped to zero, at t4, D3 becomes forward biased and
this transient ends. The resulting state vector during Stage 4 is:

1 . 1 .
Z4,buck = <Gb . -1+ COS(WOt)> - ]<Gb . Sln(wot)) (32)
UC, UC,

As a result, the duration of Stage 4 is the same as Stage 1 (Aty3 = Atyg) and the
inductor current at the end of Stage 4 is I py,cx = Iy pyck-

Stage 5 [t4, t5]
At the beginning of Stage 5, f4:

*  uc(ty)is equal to zero, and ip,(tq) is equal to Iy py,cx;
e S, isstill off, and S, is still on;
e D, is still forward biased, and D3 results in forward bias.

Stage 5 is similar to Stage 2: the current I}, reduces linearly to zero, then D4 becomes
reverse biased. The state vector of Stage 5 is:

25 buck = 0+ j(I1,poost — wo(t — t1)) (33)
The duration of Stage 5 is the same as Stage 2 (Atsq = Atpg).

Stage 6 [is, f4]
During all of Stage 6:

e ir,(t)is equal to zero, and v¢,(t) is equal to zero;
e  5;isstill off, and S, is still on;
e Dy results in reverse bias.
The state vector during Stage 6 is zg p,,,cx = 0, and the duration of Stage 6 is the same
as Stage 3 (Atgs = Atzp). The end of Stage 6 corresponds to the end of the switching cycle.

3.2. Resonant Converter Characteristics

In this section, starting from the six different stages” analysis, the characteristics in
terms of voltage gain as a function of the control strategies and the load are calculated.
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In order to keep the soft switching properties, the boost gain is limited to the range
1 < Gpgost < 2 and the switching frequency should not exceed the resonant frequency. The
stable operation during Stage 2 sets the lower boundary for V;;,;. The maximum voltage
across the resonant capacitor at the end of Stage 1 (2V},,) sets the upper boundary for V.
The maximum duration of Stage 1 sets the upper boundary for the switching frequency f;,
which has to be lower than or equal to the resonant frequency fo.

The output current in boost mode is discontinuous and is zero during Stages 1, 3, and
6. The average per unit output current iy, 4y results in:

- . l ; _ & Gboost
v = ol [ i) = B st o (34)

fs

where yg = I The output power is consequently:
2

——— _ Ko Gboost
P == 35
outAVG 27T (Gboost — 1) ( )
Figure 10 shows the output characteristics as a function of frequency ratio yy and
boost voltage gain Gy, For a given frequency ratio g, the output power reduces with
the increase of the boost voltage gain Gy, For a given voltage gain Gy,os¢, the output

power increases with the frequency ratio y.

5
Mo = 0.1
1o =0.3
Ho = 0.5
3 o = 0.9
§ Mo =1
=
s
~

SO

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Gboost

Figure 10. Output current as a function of voltage gain; the switching frequency is a parameter.

The converter operation as a function of the load depends on the output apparent

resistance Ry = Ithn/:xt/c . In order to get generic results, the per unit output resistance is:
Rout
Tout = 36
out Zr ( )

The voltage gain in boost mode, as a function of the frequency ratio and per unit
load, is:

Goost = %rout +1 (37)

Since 0 < pg < 1, the converter can adjust the voltage gain in the whole range
(1 < Gppost < 2) for loads whose per unit apparent resistance is greater than 2.

For the buck configuration, the average input current i;, 4y can be calculated as the
sum of the integral of the current function in the topological time steps Atyg, Atp, Atys,
and Atsy:

t ts

- 1 f1 - ta 4 —— -
linAvG = ?[/t i, (H)dt + | i (t)dt 4 | i (H)dt+ [ i (t)dt] (38)

s Jto 51 t3 ty

Solving:
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Mo 1
27 Gbuck

linAvG = (39)

The dependency of i, 4y on the frequency ratio yy and the gain Gy, shows the
same trend as the boost one.

The buck gain range is 0 < Gy, < 0.5.

Considering the input voltage V;,, approximately constant, a constant load resistance
Ry, the average input current (39), and defining r;, = 1%/ the gain of the buck modula-
tion is:

Ho
G =4 /Tin— 40
buck inn - ( )

Considering the maximum switching frequency as equal to the resonant one results
in: 0 < pp < 1. Indeed, to reach the maximum gain Gy, = 0.5, the minimum value of ;,
to be considered is 1.571.

4. Resonant Converter Design and Simulation Results
4.1. Design Methodology

The design process of the resonant converter followed these main steps:

1.  The definition of the optimal gain range for both boost and buck operations;

2. The identification, through the parameterized analysis, of the optimal value for the
parameterized load rp;

3. Setting the maximum allowable peak current (I,4) in the resonant inductor, switches,
and diodes;

4. The choice of the switching technology for the required resonant frequency fo;

5. Checking the UC pack current capability over both the charge and discharge opera-
tions.

As already discussed, in order to keep the soft switching properties, the maximum
possible gain for boost operation mode is 1 < Gpps; < 2 and for buck operation mode is
0 < Gpyer < 0.5.

Therefore, a minimum UC pack voltage has to be set, and this limits the buck resonant
operation. Therefore, the optimization process is performed based on boost mode. This

means keeping as the objective: 7o, > 271. The resonant frequency fy is set based on the

. . . V aC)
choice of the switches’ technology. Then, once the nominal voltage for the UC pack %’
1
21wy’
and the resonant angular frequency yi are defined, the values of the resonant components

are set in accordance with the equations below:

where Gypp5r = 2, the resonant frequency fy = the resonant impedance Z, = 4/ é—:,

Zy 1
L, = C =
’ 27'(f0 ’ 277,'er0

The switching frequency for boost operation mode is selected using (34) and (37) as:

(41)

G-1
fsbaast - Routcr

Instead, the switching frequency for buck operation mode is defined using (39)
and (40):

(42)

2
Gbuck

Ruc,,q Cr

f Sbuck = (43)
where Ryjcpack is the UC pack apparent resistance.

Keeping under control all the component and project constraints already mentioned,
the most stringent requirement for this application is derived:
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271 V;
IpeakLr > 1nv
Rout

(44)
Since Vj;, should be approximately constant during operation and Roy: = IZ’%” is very
low, the minimum possible value for I, is very high. Moreover, thus results in a peak
current at the input terminals of the UC pack.
To reduce the impact of the high peak current on the resonant converter design, two
solutions can be adopted:

1.  Reduce the power capability of the converter; a capability factor k is defined setting
the maximum gain of the converter G,y = 2 and the maximum input current at the
UC pack IUCpuck = Iiax:

TG pack SCpck
k= =2 Choost_ (45)
Piny
Therefore, the capability of the system Pxrrs is defined by Pxrrs = kPj.
2. Use more than one converter in interleaving mode [22,23]; assuming a reasonable
number of converters (#s,,, = 2), the power capability of each one becomes:

Pinv

Mrescony

Preseons =k (46)
This choice can halve the power capability of each converter, thus the input current,
while increasing the current peak to the UC pack of just a factor of v/2. The resulting
peak current in the UC pack is:

IUCpuckpmk - \/Elpeakh (47)

Combining these two effects, it is possible to define the whole system capability value
k that makes each resonant converter respect all the constraints:

k= IUCpucka vanresconve (48)
27tV 2Viscpack Pino
Therefore, the converter can exploit the boost resonant characteristics along all the
allowable gain range, and the working limits of buck operation in current, gain, and
switching frequency are reported in the Figure 11. Table 1 reports the design and simulation
data considered in this paper.

1

0.8

0.6

I avg,buck

0.2

Gbuck

Figure 11. Current, gain, and switching frequency: limits in buck operations.
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Table 1. Design and simulation data.
Symbol  Quantity Value Units
Z, Resonant impedance 0.9694 (Q)
L, Resonant inductor 7.71 x 1077 (H)
C Resonant capacitor 8.21 x 1077 (F)
wo Resonant angular frequency 0.1256 x 10°  (rad/s)
k System capability 16 (%)
Pres.conv Resonant converter power capability 1.0122 (kW)
Rout Equivalent resonant converter output resistance ~ 11.18 (Q)
Tin Parameterized input resistance 0.733 -
Gpuck Buck gain 0.3 —
fsbuck Buck switching frequency 154.2 (kHz)
fo Resonant frequency 200 (kHz)
Rsuubper ~ Snubber resistance 10 x 10° (Q)
Rons Internal resistance 10 x 107 (Q)
Cspubber Snubber capacitance inf (F)
Gpoost Nominal boost gain 2 —
Nyes.conv Number of resonant converter 2 —
Tout Parameterized output resistance 27T —

Outside the boost and buck resonant areas, a change in modulation strategy from
resonant to a conventional PWM operation is required (hybrid modulation). However,
going through the KERS analysis as designed, it appears clear that the contribution of the
system to the whole current required is pretty low. Figure 12 shows that, despite the full
charge of the UC pack, the KERS is not able to provide or absorb more than 15% of the total
current.

120~

Tiot Ipp

AR 1T

80

Ixprs
=

60
401

201

0 —lﬁ M U L HLTN mun_;_ufj

I(4)

20

—40}

60

80 I I I I I I I I I ]
100 200 300 400 500 600 700 800 900 1000

t(s)
Figure 12. Currents along the whole drive cycle: KERS current (blue), battery pack current (red), and
total current (black).

The peak current in the resonant inductor (Ir,) depends on the specific operating
conditions. The reason just analyzed in (44) is appreciable from Figure 13: at Gpypsr = 2,
while I}, is greater than 70 A, the average output current is around 10 A (for each converter).

Furthermore, to avoid inductor current saturation in any working condition, it shall be
designed at a higher value than the peak current. Therefore, considering the DCM behavior
of the converter, the main drawback is the low average current capability compared to the
weight and dimensions of the resonant inductor. Then, since during the race (as well as in
the simulated speed cycle shown in Figure 2), the acceleration times are much longer and
more frequent than the braking ones and since the KERS system is not able to absorb an
important amount of the braking energy, the UC pack quickly runs out of charge.
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Figure 13. Inductor peak current and average output current.

4.2. Resonant Converter Simulation Results

For boost switching mode, the main waveforms of the voltages and currents of the
components are shown in Figure 14. As expected from theory, the resonant capacitor Vc, is
charged to V,;+ and then clamped at this value during the first half switching cycle. Then, in
the second half switching cycle, the resonant capacitor is discharged to zero. The frequency
of the current through the resonant inductor ir, is twice the switching frequency. The
average value of the current through the diodes is dependent on the switching frequency,
then the output voltage can be regulated by varying the ratio between the switching
frequency and the resonant frequency ().

W)

120 Vour
80 Vi
401

0
< 120f Ver
S 80f
<
3 40
= Ip,

o
o ©

Dy

W\ e\ o o g
fon S oo S/

I
!\‘l\‘ A I e N

1.01 1.02 1.03 1.04 1.05
t(s) x107?

S3

Gate.signal

Figure 14. Boost simulation.

In Figure 14, the voltage and the current values of the resonant tank, one diode, and
one switch are displayed. In the first one, the ability of the converter to reach V,,; and
the stability of the solution at the nominal operation of Gy, = 2 are reported. In the
second one, the current through the resonant inductor and the voltage across the resonant
capacitor are shown. The third and the forth display the current and voltage behavior
through respectively diode D; and switch S3. It is important to underline that there is no
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overlapping of voltage and current for all the switching cycle operations. This means that
in this ideal simulation, the switching losses are null and that the soft switching properties
of the resonant converter are kept.

Figure 15 shows the buck simulation results. In buck operation, the waveforms of the
voltage and current are plotted according to the switching signal. In this operation mode
also, at turn-on and turn-off, the voltage and current waveforms of the switches have no
overlap and the soft switching properties of the resonant converter are kept.

The behavior of the resonant tank is exactly the same as the boost analysis.

The simulation was performed at the maximum resonant gain G, = 0.3. As
expected by the theoretical limitations, the charge and discharge times of the resonant
inductor are equal to the semi-period. Therefore, this confirms the limitations of the
resonant operations.

V)
1200 Vou
80 - Vin
40
0
2120 Ver
S s0p
3 40
& I

0 - ! J

NS S S/

120 -

Vi
8oL Dy
40
0 Ip) | ! L J

S1
P
(= =]

D3

Gate.signal
T
L

Figure 15. Buck simulation.

5. Conclusions

The analysis performed showed that the proposed electric vehicle is able to meet
the requirements of the dynamical tests of the Formula SAE Electric competition. The
simulation clearly confirms the correct sizing of the storage system with a good safety
margin for real operation in which the prototype could exploit the full motor power. As
expected, the Li-ion cells charge and discharge according to the theoretical implementation,
complying with the current and voltage operational constraints on the inverter DC side.
Instead, the KERS operation is strongly influenced by the state of charge of the UC pack
that is disconnected under a certain voltage value to ensure the proper operation of the
whole system.

The theoretical analysis of the resonant converter shows the full capability of the
resonant converter to operate under soft-switching (ZCS) properties in both buck and boost
operation while keeping the simplicity and a low count of the components. The limitations
due to the high current EV application pushed the analysis to correctly sizing it. An inter-
leaved solution combined with the introduction of the capability factor achieves the result
of reducing both the peak current in the resonant inductor and both the input current to the
UC pack. This converter can be easily paralleled, and the switches driving signals can be
shifted, reducing current ripples at the input and output capacitor, as shown for the unidi-
rectional boost [24] version. The findings suggest that the assumptions of the compactness
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and low weight of the converter can be achieved and that the UC can co-work with the BP.
Nonetheless, the converter is not able to fully exploit the peculiarities of the fast charge and
discharge of the UC. Anyway, the ultracap technology implemented in the model remains
an interesting asset to get the maximum advantage from regenerative braking.

Future works will deal with the development of a small-scale resonant converter
prototype for experimental tests, as well as the study of solutions based on this converter
topology, which will allow overcoming the issues related to the large peak current into the
resonant tank inductor as compared to the average input current, making the converter
even more suitable for an electric racing car.
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