iIScience

¢? CellPress

OPEN ACCESS

Drive circuitry of an electric vehicle enabling rapid
heating of the battery pack at low temperatures
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Summary

Heating battery at low temperatures is fundamental to avoiding the range anxiety
and the time-consuming charging associated with electric vehicles (EVs). One
method for achieving fast and uniform battery heating is to polarize the cell under
pulse currents. However, the on-board implementation of this method leads to an
increase in the cost and size. Therefore, in this study, an adapted EV circuitry compat-
ible with the existing one and an optimized operating condition are proposed to
enable rapid battery heating. With this circuit, electricity transfer between the cells
can be realized through a motor, leading to remarkably higher battery currents than
those of the conventional circuit. The increase in the maximum heating currents
(from 1.41Cto 4C)resultedin a battery temperature rise of 8.6°C/min atlow temper-
atures. This heating method exhibits low cost, high efficiency, and negligible effects
on battery degradation, practical and promising on battery heating of EVs.

Introduction

An essential step toward creating a sustainable society is the adoption of electric vehicles (EVs) in human
transportation (Figueres et al., 2017). The dominant power source of EVs is a lithium-ion battery (LIB), which
exhibits a high energy density and long lifetime (Goodenough, 2015). However, some practical difficulties
associated with LIBs, especially their deteriorated performance under cold environments, have not yet
been addressed (Lu et al., 2013; Ren et al., 2019). At extreme temperatures, the driving range of EVs pow-
ered by LIBs decreases by 60% and their lifetime shortens (Zhang, Xu and Jow, 2003; Ji et al., 2013; Han et
al., 2019). In addition, battery charging at low temperatures may result in lithium plating, diminishing the
battery safety (Waldmann et al., 2018; Tomaszewska et al., 2019; Li et al., 2019b). Considerable efforts,
including the electrochemical performance improvement (Herreyre et al., 2001; Xu et al., 2019) and oper-
ation condition management (Lépez-lbarra et al., 2020; Yang et al., 2020; Li et al., 2021), have been devoted
to overcome these challenges faced by LIBs. For this purpose, the preheating of EV batteries is an effective
approach owing to its easy implementation.

The method of battery preheating can be classified, based on the location of the heat source, into internal
or external heating (Ji and Wang, 2013; Wu et al.,, 2020). In external heating, the heat is generated from
outside of the batteries. This method can be conveniently implemented for EVs, as multiple options of
heat source, including the electric resistances or motor, are available. Furthermore, the heat can be trans-
ferred to the battery cells through air, a liquid, or a plate. However, this method suffers from limited heating
speed and large energy loss because of long-distance heat conduction or convection (Vlahinos and Pe-
saran, 2002). In contrast, in the internal heating, the heat source is located inside the cells; therefore, the
time delay and energy loss caused by heat conduction can be substantially reduced (Pesaran and Vlahinos,
2003). In particular, internal heating can be achieved by embedding a nickel foil inside a battery case (Wang
etal., 2016). In this scenario, the temperature of the batteries increases by 30°C within tens of seconds and
the energy loss reduces (Yang et al., 2018). However, under the application of this method, the temperature
of the battery structure may become heterogeneous; furthermore, this method cannot be easily applied to
existing batteries (Grandjean et al., 2017).

The internal warming of batteries via voltage polarization is a promising approach to achieve rapid and uni-
form heating (Zuniga et al., 2015). Under alternate current (AC), lithium ions are transferred between the
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Figure 1. Schematic of the designed drive circuitry and achievable operation modes for battery heating

(A) Proposed drive circuitry, in which rapid heating of the battery pack is possible. The circuitry is equivalent to an existing circuitry if Sis closed (CMI mode). If
Sis open, the circuitry operates in the DMSI mode.

(B) Scheme of battery heating in the CMI mode, in which the energy is transmitted between the battery and the motor.

(C) Scheme of battery heating in the DMSI mode, in which the energy is transferred between different battery modules through the motor.

cathode and anode, and heat is generated due to the ohmic resistance and electrochemical reaction
(Zhang et al., 2015). Furthermore, research has been conducted to optimize the principle of AC to achieve
the maximum heating performance (Ge et al., 2016; Jiang et al., 2018; Li et al., 2019a; Qin et al., 2020). How-
ever, one demerit of this method is the generation of AC, whose behavior cannot be comprehended as the
equipment for laboratory research, such as Autolab, cannot reproduce its effect on a battery pack of an EV.
This problem can be mitigated by generating AC with the charging station (Zuniga et al., 2015). However,
this station puts burdens on the infrastructure, and is only available during charging. Meanwhile, certain on-
board circuits, such as the heat-balancing topology (Shang et al., 2018), an integrated heater-equalizer
(Shang et al., 2019), or resonant circuits (Shang et al., 2020), have been proposed to realize battery heating
under any condition. However, these circuits inevitably add additional electronic components to EVs, re-
sulting in bulky size and high cost. A cost-effective alternative to this method is the generation of AC using
the on-board drive circuitry of the motor (Stuart and Hande, 2004). However, the temperature rise achieved
in this method is not sufficiently fast.

This study first explores the reasons for inadequate heating currents generated by the existing drive cir-
cuitry on EVs. Then, a refined circuitry topology, which leads to the cost reduction of battery heating
and exhibits good compatibility with the existing circuit, and an operation method for improving the heat-
ing currents with electricity transferred between cells, which is theoretically and experimentally validated,
are proposed. These experiments evaluate the heating speed, efficiency, and degradation of the battery
under the application of the proposed operation method. Finally, rapid, efficient, and non-detrimental bat-
tery heating is achieved using the proposed drive circuitry on EVs.

Results

Innovative topology of the drive circuitry

In the existing drive circuitry of EVs, the motor can motivate the energy release and recovery of the battery; there-
fore, the battery is heated under pulse currents, due to electricity exchange between the battery and motor. In
contrast, the proposed drive circuitry, which is composed of two individual modules connected to the separated
bridges of the invertor, is illustrated in Figure 1A. Each module comprises cells connected in series to reach the
bus voltage of the inverter. The first bridge of the inverter is connected to the first module, while the remaining
bridges are connected to the second module. Evidently, the currents of these modules remain independent, un-
less switch Sis closed. Inthe case with Sclosed, each module is connected in parallel and the system configuration
is identical to that of an existing drive circuitry. The proposed circuitry is, therefore, easy to implement and highly
compatible with the currently used drive circuitry in EVs. The modification of the topology adds limited costs with
the addition of a relay, the corresponding control circuits, and the process of battery grouping, when compared
with the existing circuitry.

The proposed drive circuitry can realize two operation modes depending on the state of switch S. When Sis
closed (parallel configuration), the battery pack is directly charged and heated by the stored energy
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Figure 2. Voltage vectors and currents in the DMSI mode

(A) Eight switch states of the inverter (000, 001,010,011, 100, 101, 110, and 111) and their corresponding voltage vectors (Up, Uy, Uz, Us, Us, Us, Ug, and U5) in
the FOC of the motor.

(B—H) Currents in the drive circuitry considering different voltage vectors in the DMSI mode. The phase currents, I,, I, and I. are indicated by the blue, red,
and yellow lines, respectively. The current under Uy is not displayed as no currents are transmitted to the batteries under this condition.
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provided by the motor coils, as shown in Figure 1B. Given that the currents of the motor are inverted from
those of the paralleled battery modules, this heating method is called the combined module invert (CMI)
mode in this article. In contrast, when Sis open, the battery heating can also be achieved with one module
charged while the other is discharged (Figure 1C), therefore enhancing the robustness of the proposed
method. Assuming that the currents of the motor are inverted from those of the individual modules, this
method is referred to as the dual-module separated invert (DMSI) mode in this article.

The battery currents are higher if the drive circuitry is in the DMSI mode, when compared with those gener-
ated in the CMI mode. To illustrate the improvement in the heating performance in the DMSI mode, the
battery currents are calculated based on the switch states of the inverter. A total of eight states, which
correspond with the base vectors in the field-oriented control (FOC) of motors (Kazmierkowski and Mal-
esani, 1998), of the inverter are evaluated: 000, 001, 010, 011, 100, 101, 110, and 111. Figure 2A illustrates
the mapping from the inverter states to the voltage vectors, which includes six base effective vectors (U,
Uy, Us, Uy, Us, and Ug) and two zero-voltage vectors (Ug, and U5). In the DMSI mode, all voltage vectors,
except Uy, result in a state in which the coil currents are transmitted from the motor to the battery module,
as shown in Figures 2B-2H. The amplitude of each module current is calculated and compared with that of
the corresponding state in the CMI mode, as outlined in Table 1. The total heating power under the base
effective vectors in the DMSI mode is approximately twice that in the CMI mode. Furthermore, for the zero-
voltage vector U7, the DMSI mode transmits the a-phase current of the motor to the batteries, in contrast
with the no current transmission in the CMI mode. Under this condition of the DMSI mode, the current of
battery module 1 is opposite to that of module 2, therefore, the electricity released by one module is trans-
ferred to the other.

Heat is generated when the currents flow through the battery, inverter, and motor, owing to the Joule ef-
fect. In the DMSI mode, a higher current of battery, due to the electricity transfer between the modules, can
polarize the battery larger and generate more heat inside the cells considering identical motor currents.
Therefore, a faster transient regime of the heating process is expected.

iScience 24, 101921, January 22, 2021 3
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Vector S So Se DMSI mode CMI mode
I I 12 + 12 I I 12 + 1,2

Uo 0° 0 0 0 0 0 0 0 0

U, 0 0 1° 0 i 2 i/2 i/2 i2/2

U, 0 1 0 0 ib i /2 in/2 i,2/2

Us 0 1 1 0 -iy 2 -ia/2 -in/2 i2/2

Us 1 0 0 ia 0 i /2 /2 ia2/2

Us 1 0 1 ia ic Ry -ip/2 2 i2/2

Us 1 1 0 i i i i -ie/2 -id2 i2/2

U, 1 1 1 ia f 2i? 0 0 0

Table 1. Voltage vectors in motor control, the corresponding switch states of the three bridges of the inverter (S,,
Sp, and S.), and the current of each module (I; and I,) under the CMI and DMSI modes

®The switch state of the top transistor closed and bottom transistor open is represented by 1, and the vice versa is represented
by 0.

Constraints on circuit operation and heat power of batteries

The execution of the battery heating process with the drive circuitry must comply with the operating limits
of EVs. For a passenger EV, whose parameters are outlined in Table 2, the motor speed, inverter voltage,
and the coil currents must be constrained during the heating procedure.

Motor operating in static mode

Generally, battery heating is only executed before charging or driving an EV, when its speed is zero and the
electrical angle of the drive motor, 6, is constant. An effective solution for the static motor is the zero-torque
output, which is obtained when appropriate d- and g-axis currents, ig and ig, are provided to the FOC sys-
tem, which can be expressed as:

iqg=0 (Equation 1)

T, = ;p[‘pf + (La— Lq)id]iq =0 (Equation 2)

Voltage limited by the inverter

The target currents iq and iy are realized by controlling the g- and d-axis voltage, uq and ug of the rotating
axis system:

Ug=0
‘ diy (Equation 3)
=Ryig+ Lg—
Uqg Iq + ddt

In FOC, the target voltage is represented by a mean vector—which is influenced by two neighboring base
effective vectors (U, and U,) of the hexagonal star diagram (Figure 2A), the zero vector U,, as well as their
specified periods (T, T, and To)—during the pulse width modulation (PWM) period (Tpwm). The target
voltage and the Tpy are calculated through Equation (4):
— — — — —
{ U X T+ Uy X T, + szToz(Ud+ Uq) X Towm (Equation 4)
T+ Ty + To=Toum

To ensure that the Ty is positive, the target voltage needs to be constrained inside the hexagonal star di-
agram, as shown by Equation (5):

— —
‘Ud+ Uq

<[Un(0) (Equation 5)

where the constrained voltage, Uy, is the maximum voltage inverted from the battery through the inverter.
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Parameter Symbol Value
Battery pack N 110S2P
Cell nominal voltage Veell 3.7V
Cell capacity Ceell 50 Ah
Ambient temperature Te —-7°C
Drain-source resistance of IGBT R 1.6 mQ
Rated voltage of invertor Unm 650V
Inductance of direct axis Ly 0.38 mH
Inductance of quadrature axis s, 1.065 mH
Line resistance R. 15.4 mQ
Rated power P, 60 kW
Rated line current In 130 A
Maximum line current In 200 A
Pole pairs ) 4

Flux linkage " 0.19 Vs

Table 2. Parameters of the heating system used in the experiments
IGBT, insulated gate bipolar transistor.

Current limited by the motor coil

The motor phase currents can be derived from the d-axis current by an inverse Park-Clarke transform (Pillay
and Krishnan, 1989):

cos

ia . 2
iv | = far3s(0) [{d} =| °® (0 B §7r> id (Equation 6)
; q

le
cos (0 + g 71')

To avoid overheating of the motor coils and inverter, the root-mean-square (RMS) of the phase current
should be lower than the permitted motor current I,,, as expressed by Equation (7):

max{’Arm57 IBrm57 ’Crms} <In (Equation 7)

Heat power of batteries

The heating power of the batteries can be calculated based on Joule's law:

Pheat = P5_gRoat (Equation 8)

where the battery resistance, Ry, is negatively affected by the temperature (Zhang et al., 2004) and the
current frequency in AC heating. Generally, high-frequency currents result in a low resistance, and vice
versa (Zhang et al., 2015). The equivalent heating current, lo¢_g, generated by the circuits, can be calculated
with the RMS of the battery currents, as shown in Equation (9):

V(o ( T, Ty o To .
P g = T /0 (prmlf + Tpvtm 2+ prmlg> dt (Equation 9)

where T, is the period of heating currents on batteries, which are influenced by the phase currents of the
motor.

To increase the heating speed—Ic¢ g, which is influenced by the electrical angle, 6, period of the d-axis cur-
rent, T, and waveform of the d-axis current, ig(t)—needs to be maximized considering the CMI and DMSI|
modes within the constraints described by Equation (1, 5, and 7), as represented by Equation (10).

iScience 24, 101921, January 22, 2021
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Figure 3. Battery heating currents in the DMSI and CMI modes

(A and B) Typical d-axis current and corresponding d-axis voltage of the motor.

(C) Resultant heating currents on batteries in the DMSI and CMI modes, based on periods and electrical angles. Uy is used
as the zero-voltage vector in the DMSI mode to achieve rapid battery heating.

le
{max 8 (X) (Equation 10)

x=[0,To, ig()]"

Comparison of the heat currents provided in each mode considering identical motor currents

The heating currents of the circuitry can be improved in the DMSI mode, due to the higher battery currents,
ix and iy, at the base effective vectors, and the emerging current, i, at the zero vector Us.

Figure 3 shows ls¢s g obtained with the DMSI and CMI modes under a typical operation condition of the
motor within the previously discussed constraints. The torque constraints are satisfied when the current
and voltage on the g-axis are zero. In contrast, the current constraints are fulfilled when the maximum d-
axis current shows a fixed value, as shown in Figure 3A and Equation (11):

lam = I (Equation 11)

Figure 3B illustrates the corresponding d-axis voltage, which satisfies Equation (5) because the maximum
voltage shows a fixed value:

Udm = min(Un(8)) (Equation 12)

As a result, I g is determined by T, and 6, as shown in Figure 3C. The battery heating current when the
circuit is in the DMSI mode is evidently higher than that when it is in the CMI mode, especially when the
heating period increases. At a high frequency, I g increases due to the higher battery currents influenced
by the base effective vectors in the DMSI mode, when compared with the CMI mode. Furthermore, e g is
approximately constant in the DMSI mode and decreases in the CMI mode when the frequency decreases.
This behavior is influenced by the emerging battery currents corresponding to the zero vector Uy in the
DMSI mode (Table 1). Itis worthy to note that the heating currents in the DMSI and CMI mode are sensitive
to the electrical angle and period, respectively. In particular, I g decreases from 277 Ato 48 A in the DMSI
mode when the electric angle increases from 0° to 90° at a period of 0.01s for iy(t). In contrast, les g drops
from 108 A to 9 A in the CMI mode when the period of ig(t) increases from 0.0025 to 1's at the electric angle
of 0°. Therefore, the best parameter conditions need to be searched to obtain the maximum heating per-
formance in each mode separately.

Limited maximum heating currents in the CMI mode

Here, the battery heating currents achieved in the CMI mode is calculated, to compare with that achievedin
the DMSI mode. In the CMI mode, the energy storage and release of the motor coil result in the pulse
discharge and charge of the battery. The maximum currents of the battery heating are analyzed on EVs
with the parameters outlined in Table 2, resulting in a maximum leg g of 70.4 A and a corresponding pulse
current of 1.41C on each cell, in the CMI mode, when T, and 6 are optimized to 0.008 s and 90° (or 30°/150°/
210°/270°/330°) respectively.
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Figure 4. Optimized operation conditions for achieving the highest effective currents of battery heating in the CMI mode
(A) The d- and g-axis currents of the motor realizing a zero-torque output.

(B) Phase currents, which are constraint by the maximum permitted currents of the coils.

(C) Composition of variable voltage vectors during a single heating period.

(D) Behavior of the current of a single cell.

The d- and g-axis currents of the motor, under the constrained voltage, at this optimal operating point are
illustrated in Figure 4A. The g-axis current is maintained at zero to realize a zero-torque output, ensuring
that the rotors remain in a stationary state. The behavior of the d-axis current is similar to that of a triangular
wave whose maximum value is 350 A. The corresponding phase currents of the motor are depicted in Fig-
ure 4B, where the RMS of the b- and c-phase currents of the motor simultaneously reach the maximum
allowable value (200 A). The currents of the motor coils are controlled by FOC, which determines the switch
states of the inverter. Meanwhile, once the inverter switches are closed, the phase currents are transmitted
to the battery according to the current distribution stated in Table 1; therefore, los g for the batteries is
determined by the duty ratio of all switch states, namely, the composition of base voltage vectors (Fig-
ure 4C). The behavior of the battery heating currents, as depicted in Figure 4D, can be decomposed
into four stages for a heating period, which is summarized in Table 3.

Stage I: The voltage vectors Uy, Uy, Us, and U; are dominant. The phase currents I. and -l are transmitted to
the batteries due to U and Us, respectively. In contrast, no current flows through the batteries when Uy and
U5 influence the circuit. As a result, the pulse currents of the batteries are smaller than the phase currents of
the motor.

Stage Il: The voltage vectors Ug, Uy, Uy, and Uy are dominant. The currents I, and -/, are alternately trans-
mitted to the batteries when U, and Uy are alternately applied. The operating times of the zero-voltage

iScience 24, 101921, January 22, 2021 7
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Voltage vectors Proportion ratio Current of battery pack

Stage | Uy 22.8% e
Us 25.5% -ib
U or U7 51.7% 0
Stage |l Us 48.5% i
Ue 41.9% -ie
Up or Uy 9.6% 0
Stage Il U, 25.8% i
Us 21.7% -ic
U or U7 52.5% 0
Stage IV Uq 41.7% e
Us 47.5% -ip
U or Uy 10.8% 0

Table 3. The composition of voltage vectors and the resulteing battery currents at each stage in the CMI mode

vectors Up and U; are relatively shorter than that in stage | (Figure 4C and Table 3); therefore the amplitudes
of the heating currents of the batteries are larger, and more approximate to the motor phase currents.

Stage lll: The composition of the voltage vectors is same as that in Stage II; however, the effective times of
Uo and Uy are longer. As a result, the amplitude of battery heating current is lower than that in stage Il

Stage IV: The composition of the voltage vectors is same as that in Stage |; however, the effective times of
Uo and Uy are shorter. As a result, the amplitude of battery heating current is higher than that in stage |I.

In the CMI mode, the heating currents of the battery pack are limited by the amplitude of the motor cur-
rents and the proportion of the effective vectors in the inverter control. Moreover, the motor currents
cannot be transmitted to the batteries during the zero-voltage vectors act. Therefore, the maximum le¢
of the battery pack can only be equivalent to a pulse current of 1.41C with a heating period of 0.008 s.

By increasing the heating period, the proportion of the zero-voltage vector increases, resulting in decrease
of the equivalent heating currents. Figure S1 shows the operating conditions and current behaviors for the
maximum heating currents when the heating period was 0.06 s. Under this condition, an increased ampli-
tude of the coil currents (see Stage | in Figure S1B) was observed, followed by a zero current (see Stage Il in
Figure S1B) to maintain the RMS of coil current within the allowable value. The battery currents were negli-
gible during the zero-current flowed in the motor coils (see Stage Il in Figure S1D). Influenced by the rest
time of battery, the RMS of the heating currents dropped to 0.98C after optimization. Therefore, the I g is
negatively influenced when the heating period is prolonged. This characteristic of the traditional CMI
mode is unfavorable for the LIB heating, where a faster temperature rise rate under low-frequency pulse
currents is obtained.

Higher heating currents in the DMSI mode

Battery heating in the DMSI mode is realized due to the energy storage and release of the motor cail,
together through the electricity transfer between different battery modules, obtained with U;, which
does not transmit any current to the batteries in the CMI mode. In addition, the currents flowing through
the batteries are higher in the DMSI mode when the base effective vectors, Uy, Uy, Us, Uy, Us, and U, take
effect with identical currents of the motor coil.

The maximum heating currents of the batteries in the DMSI mode are analyzed under the same con-
straints (see Table 2) as those in the CMI mode. The longer heating period, 0.06s, which leads to a

8 iScience 24, 101921, January 22, 2021
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Figure 5. Optimized operation conditions in the DMSI mode considering a period of 0.06 s

(A) The d- and g-axis currents of the motor, resulting in a zero-torque output under the constrained voltage.
(B) Phase currents of the motor.

(C) Composition of variable voltage vectors.

(D) Currents flowing through battery modules 1 and 2.

maximum heating current of 0.98C in the CMI mode is adopted in the DMSI mode to compare the bat-
tery heating currents. After the operation is optimized, a maximum battery heating current of 199 A
(3.98C) is obtained with an electrical angle of 0° (or 180°). In this case, the g-axis current of the motor
is zero to ensure a stationary state rotor of the motor, whereas the behavior of the d-axis and phase cur-
rents resembles that of a square wave (Figures 5A and 5B). The RMS of the a-phase current is 200 A,
which is the highest allowable value. Meanwhile, the composition of the base vectors is shown in Fig-
ure 5C. The resultant battery currents include two steady and two transition stages, as indicated in Fig-
ure 5D and summarized in Table 4.

Stage | (t=0): In this first transient stage, Uy is the dominant vector and the d-axis current increases from O to
200A. The amplitude of the current of battery module 1 is similar to I, owing to Uj.

Stage Il (0 < t < Ty): In this first steady stage, U; is dominant and the motor current is constant, whereas the
proportion of the other base vectors is negligible. As a result, the current of module 1 is equal to /,, and
opposite to that of module 2. Thus, the electricity is transferred from module 1 to 2.

Stage Ill (t= Ty): In this second transient stage, the base vector Uz is dominant, resulting in a decrease in the

d-axis current from 200 A to —200 A. Meanwhile, the amplitude of the current of battery module 2 is close to
I, whereas the direction is reverse, due to Us.

iScience 24, 101921, January 22, 2021 9



¢? CellPress

OPEN ACCESS

Current characteristics Voltage Proportion  Current of Current of

vectors ratio module 1 module 2

Stage  Current direction adjustment Uy 53.8% ik 0

I Uz 43.7% i -y
others 2.5%

Stage  Module 1 discharged; module 2 U; 97.8% ik -i

! charged Others 2.2%

Stage  Current direction adjustment Us 53.8% 0 -ia

. U, 46.1% i i,
Others 0.1%

Stage  Module 1 charged; module 2 U; 97.0% fa Ik,

Y discharged Others 3.0%

Table 4. Composition of voltage vectors and the resulting battery currents at each stage in the DMSI mode

Stage IV (T; < t < T)): In this second steady stage, U; is dominant and the motor current is constant. As a
result, electricity is transferred from module 2 to 1.

The DMSI mode can, therefore, ensure the energy transfer between modules 1 and 2, resulting in substan-
tially increased heating currents of the battery pack. In this mode, the equivalent heating currents are 280%
of the maximum value obtained in the CMI mode.

In addition, these heating currents can be maintained when the drive circuitry operates under a longer
period in the DMSI mode. In particular, a battery heating current of 200A (4C) is achieved when the oper-
ation period is 1.6 s (see Figure S2). In this case, the electrical angle of the motor rotor, as well as the
behavior and amplitude of the coil current, is preserved; and high heating currents are realized at low fre-
quency due to the high proportion ratio of U;. A further increase in the heating speed of batteries is, there-
fore, expected due to the higher battery resistance under a low-frequency pulse current (Zhang et al., 2015).

The maximum heating currents of the batteries in the DMSI mode are sensitive to the size of the battery
pack and motor. Therefore, different motor power and battery energy, besides those listed in Table 2,
are evaluated in battery heating with the DMSI mode. The RMS values of battery currents are positively
affected by motor power, as illustrated in Figure 6, because of the higher allowable currents in the drive
circuitry with increased motor power. In contrast, those RMS values are negatively affected by battery en-
ergy, as lower pulse rates on batteries result with the decreased battery capacity. Even so, a pulse current of
4C is achievable with a motor-power-to-battery-energy ratio higher than 1.5 h~", which can be satisfied in
most passenger EVs.

Temperature rise, heating efficiency, and capacity degradation

The rate of temperature rise of cells heated by the pulse currents, which are generated from the drive cir-
cuitry at an ambient temperature of —7°C (see Transparent methods and Figure Sé), is illustrated in Fig-
ure 7A. In the DMSI mode, the resultant pulse current (4C) leads to mean temperature rates of 4.8 and
7.2°C/min in 5 min under the pulse periods of 0.06 and 1.6 s, respectively. The temperature rate is, there-
fore, positively affected by the heating period, even though the amplitude of the pulse currents is constant,
as more electrochemical processes, such as charge transfer and ion diffusion, are involved in the heat gen-
eration due to the long-period pulse current (Zhang et al., 2015).

The DMSI mode with a pulse period of 1.6 s is focused in subsequent analysis considering the higher heating
speed. The mean temperature rates are 8.6 and 8.5°C/min in the first and second minutes, respectively, and
6.3°C/min in the remaining 3 minutes. A decrease in the mean temperature rate is observed during the heating
process as the battery impedance decreases with the temperature (Zhang et al., 2004). However, the tempera-
ture rate, especially at the initial stage, is sufficient to result in rapid battery heating in a cold environment.
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Figure 6. Maximum heating currents in the DMSI mode with motor power and battery energy
The conditions resulting in a pulse current of 4C are shown with the dashed line in the map.

Meanwhile, a high heating efficiency is also achieved in the DMSI mode. Figure 7B shows the proportion of
heat generation in different components, considering a pulse period of 1.6 s. The heat generation in the
battery pack (Qp.:) accounts for most of the total heat (97.7%), as the low-temperature internal resistance
of the batteries is significantly higher than those of the motor and inverter. Furthermore, the heat dissi-
pated from the batteries (Qq;s) corresponds to a small portion of the total heat (8%), as the heat is gener-
ated internally and time for dissipation is limited. Therefore, the efficiency of this heating process reaches
89.7% during the temperature rise from —7°C to 29.1°C. The energy of battery heating is converted from
the voltage polarization of cells during charging and discharging (see Figure S3). The discharged capacity
is higher than the charged capacity. Therefore, the discharged energy of the battery is partly converted to
heat, whereas the rest is restored in the battery. A capacity of 2.5 Ah, corresponding to 4.9% of the nominal
capacity, is lost and converted to heat for each cell in this proposed method for heating. It is worth noting
that the heating efficiency of the drive circuitry is also influenced by the heat transfer coefficient of the cells
in the battery pack, which determines the heat loss from the warm cells to cold accessories in the heating
process. In this study, the heat transfer coefficient of cells in a thermal chamber (9.6 W/(m?-K), see Table S1)
was adopted in the calculation of heating efficiency. Furthermore, the value of heating efficiency and ca-
pacity loss may slightly deviate from those of the real battery pack.

The heating performance of the drive circuitry is influenced by the initial temperature; therefore, experi-
ments are performed at a lower ambient temperature of —16°C (see Figure S5). Lower temperature in-
creases the battery resistance. In this case, the RMS of battery currents decreases to 190 A (3.8 C); however,
the temperature rate of cells increases due to the higher resistance and larger voltage polarization, even
though the coil currents remain the same. Temperature rises of 9.9°C/min and 8.2°C/min are obtained
at the first minute and during the whole process, respectively. Correspondingly, a higher capacity loss
(2.9 Ah) corresponding to 5.8% of the nominal capacity, is resulted in the heating process.

Battery degradation during the heating process may be caused by the internal side reactions, which are
accelerated if the current pulses are long and large, resulting in a decrease in the usable capacity (Han
etal., 2019). The degradation of cells in module 1 and 2 are same, because of their identical operation con-
dition involving charging and discharging alternatively. Thus, the capacity change in a single cell after heat-
ing in the DMSI mode (T, = 1.6 s, from —7°C to 29.1°C) is recorded, as shown in Figure 7C. After 5,000
cycles, the faded capacity is 0.5%. Besides, the disassembled anode from this faded cell involves neither
gray materials on the optical photograph nor mossy materials on the scanning electron microscopicimage,
indicating the absence of lithium plating (see Figure S4). Therefore, the effect of the proposed heating pro-

cess on battery degradation is negligible.
Discussion

This study analyzed the heating currents generated by an existing drive circuitry of EVs (CMI mode), where a
maximum heating current of 1.4C was obtained for the batteries. Furthermore, the heating currents
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Figure 7. Battery heating and degradation in the DMSI mode

(A) Battery temperature during first 5 min (300s) of the heating process at an ambient temperature of —7°C, considering heating periods of 0.06 and 1.6 s.
(B) The composition of total heat generation, considering a period of 1.6 s, including heat generated in batteries (Qr and Qq;s), motor (Q7), and inverter (Q)).
(C) The capacity degradation of the battery is based on heating cycles.

decreased with the heating period, owing to the limited ability of energy storage in the motor coil and the
zero-voltage vectors of the inverter control. This characteristic is unfavorable for the LIB heating, where a
faster temperature rise rate is obtained under low-frequency pulse currents, therefore degrading the heat-
ing performance.

A refined topology configuration, in which the cells were rearranged into two modules and a relay was
added, was proposed to increase the heating speed. With this configuration, a new operation mode
(DMSI mode) was achieved, where the heating currents of the batteries emerged when the inverter is at
the zero-voltage vector, enabling electricity transfer between the modules.

The result of the theoretical analysis showed that the battery heating currents under the identical operation
condition of the motor were improved in the DMSI mode. Furthermore, an equivalent heating current of 4C
was obtained under variable heating periods with the prototype experiments of a passenger EV. At an
ambient temperature of —7°C, the mean temperature rates of the battery pack at the start of the heating
and during the whole process were 8.6°C/min and 7.2°C/min, respectively. A high heating efficiency (>80%)
and negligible battery degradation (0.5% after 5,000 cycles) were also obtained.

Improved heating performance of the battery pack was, therefore, obtained with the proposed driving cir-
cuitry and the DMSI operation mode. Moreover, it was compatible with the existing driving circuits with the
CMI mode. This study provides a practical and promising solution for realizing the rapid heating of battery
packs of EVs in a cold environment.

Limitations of the study

As the investigation of the heating performance of the batteries, coupled with the proposed drive circuitry,
was desired in this study, only the battery heating currents, temperature rates, and capacity degradation
were experimentally and theoretically evaluated. However, the impact of noise and vibration during the
heating process in the implementation of the proposed drive circuitry on EVs also need to be analyzed
in future work.
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Supplemental Data Items

Heating currents in the CMI mode with a prolonged period of 0.06s. Related to “Limited maximum heating
currents in the CMI mode”
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Figure S1. Decreased RMS value of battery heating currents when the heating period was increased to 0.06
s in the CMI mode. Related to Figure 4

(A) The d- and g-axis currents of the motor realizing a zero-torque output. The g-axis current resembled a
triangle wave of 534A amplitude in stage |, and was zero at stage |l.

(B) Phase currents, the RMS of which were maintained to an allowable value of 200A.

(C) Composition of variable voltage vectors during a single heating period. In stage |, the compositions of
the voltage vectors were identical to those depicted in Fig. 4. In stage Il, the voltage vectors were dominant
by the zero vectors (Up and U5).

(D) Behavior of the current of a single cell, with an RMS value of 49A. In stage |, the amplitude of the battery

heating current was higher than that in Fig. 4. In stage |l, the battery currents were negligible.



Heating currents in the DMSI mode with a prolonged period of 1.6s. Related to “Higher heating currents in the

DMSI mode”
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Figure S2. Optimized operation conditions in the DMSI mode considering a period of 1.6 s. Related to

Figure 5

(A) The d- and g-axis currents of the motor, resulting in a zero-torque output under the constrained voltage.

(B) Phase currents, which were constrained by the maximum permitted currents of the coils.

(C) Composition of the variable voltage vectors during a single heating period, and the increased

proportion ratio of U; was observed compared to that in Fig. 5C.

(D) Currents flowing through battery modules 1 and 2 in a period, illustrating an extended period

(compared to that in Fig. 5D) in which the electricity was transferred from one battery module to the other.



Battery polarization in the DMSI mode with a period of 1.6 s when heating from -7 °C. Related to “Temperature
rise, heating efficiency, and capacity degradation”
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Figure S3. Battery voltage response with an initial SOC of 50% during heating at a period of 1.6 s in the
DMSI mode. Related to Figure 7A and B.

(A) Cell voltage when the battery was heated from -7°C to 29.1 °C.

(B) Enlarged voltage profile of region 1 in (A), from 50 s to 56 s, illustrating the alternating charge and

discharge on cells.

Battery degradation in the DMSI mode with a period of 1.6 s when heating from -7 °C. Related to “Temperature
rise, heating efficiency, and capacity degradation”

A

Figure S4. Optical photo and SEM image of the anode disassembled from the faded cell in the DMSI mode
with a period of 1.6 s. Related to Figure 7C

(A) Optical photo of the anode, without plated gray materials on the anode surface.

(B) SEM image of the anode, illustrating no dendrites or mossy materials (indicating no lithium plating) on
the graphite particles. The magnification of this image is 2000.



Battery heating performance in the DMSI mode with a period of 1.6s when heating from -16 °C. Related to
“Higher heating currents in the DMSI mode” and “Temperature rise, heating efficiency, and capacity

degradation”
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Figure S5. Battery heating from —16 °C with the proposed method (T, = 1.6s). Related to Figure 5 and 7.
(A) Currents flowing through battery modules 1 and 2 at a period of 1.6 s, with an RMS value of 190 A (3.8C)
(B) Battery voltage response during the heating for 5 min (300 s), illustrating a larger voltage polarization
than that in Fig. S3A

(C) Battery temperature increase, with the temperature rise rate of cells increasing to 9.9 °C/min and
8.2 °C/min at the first minute of heating and for the whole process, respectively
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Figure Sé. Setup of the prototype experiments.

The heating experiments are performed with cells charged by a charger, which tracked the current output
from the inverter to the battery pack. The heating currents were obtained through simulation of the drive
circuitry, including battery pack, inverter and motor, executed in real time with Simscape. The controller
converted the currents of pack to cells and sent signals to indicate the charger; meanwhile, got the real-

time cell voltage to the prototype in Simscape.



Transparent Methods

Experimental procedure

To test and validate the performance of the designed topology on a passenger EV integrated with LIBs, rapid
prototype experiments were conducted and the equivalent equipment—including a permanent magnet
synchronous motor (PMSM) with a rate power of 60 kW, a three-phase inverter with a voltage level of 650V,
as well as a battery pack with 110-series and 2-parallel cells —were developed in Simscape. At the same time,
the real-time pulse currents of the battery pack obtained by the topology in the Simscape were applied in real
cells by a charger. The equipment parameters are outlined in Table 2, and the experimental setup is presented
in Fig. S6.

The cells used in this study had a nominal capacity of 50 Ah with a voltage range from 2.8 V to 4.2V and an
energy density of 262 Wh/kg. Li(NiosC002.Mno3)O, was used as the cathode and graphite was used as the
anode. The battery pack included two modules, each of which was composed of 110 cells arranged in a series
string configuration. Assuming that the same pulse currents, involving alternately charging and discharging,
was transmitted to each cell, the battery heating was analyzed with a single cell to obtain the equivalent
temperature rise. The currents of cells were generated using a battery charger, which tracked the current
output of the inverter and fed back the cell voltage to the invertor.

The PMSM used in this study was simulated in Simscape after being validated with the driving motor of a
passenger EV. The inverter bridges were controlled with Space Vector Pulse Width Modulation
(SVPWM)(Kumar Peddapelli, 2015), where U; was the only zero vector used in the experiments, due to its high
currents generated on the batteries.

In the experiments, the pulse currents generated by the drive circuitry was applied to heat the fresh cells with
an initial SOC of 50% in a thermal chamber at -7 °C or -16 °C. The voltage polarization and temperature
increase of the cells were led to and recorded in a heating process with 5 minutes. Furthermore, the cell
capacity was examined at room temperature after heating cycles to analyze the effect of the heating method
on battery degradation. A cell after 5000 heating cycles was disassembled at 2.8V in the glove box, and the
anode was observed with scanning electron microscopy (SEM) to inspect the lithium plating in the heating

process.

Calculation of heating efficiency
The heat generated by the battery pack is the sum of the heat generated from all cells, including the heat

convection loss and temperature rise of each cell(Nieto et al., 2012):
Qbat = QT +Qdis = N[em(T _To) "‘JhA(T =T,)dt] (1)

where Qrrepresents the heat that results in the temperature rise of batteries, and Qqs represents the heat
dissipated from the batteries to the environment during the heating process. As the prototype experiment
was performed on a single cell, the heat generation of the cells was multiplied by the number of cells in the
battery pack.

The heat generated by the motor was obtained using Joule's law:
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Qu = [ o2 412 + i) @

Meanwhile, in the inverter operation, the turn-on loss (Eq. 3) was considered the main source of heat

generation:
Q = [R (i +if +i)dt 3)
The total heat generated in the drive circuitry is the sum of that in the battery pack, inverter and motor:
Qtot = Qbat +Qm +QI (4)
The heat efficiency for the heating process was calculated as the ratio of Or to Qo
i (5)
QtOt

The parameters for the calculation of heating efficiency were derived from the measurement, as listed in Table
S1.
Table S1. Parameters for the heating process

Parameter Symbol Value

Battery Pack N 220

Cell Capacity Ceell 50 Ah

Cell Mass m 0.738 kg

Cell Surface Area A 0.0414 m?
Battery Capacity c 1126 J/(kg-K)
Initial State of Charge SOC 50%

Initial State of Health SOH 100%
Ambient Temperature T -7 °Cor-16 °C
Initial Cell Temperature To -7 °Cor -16 °C
Drain-source Resistance of IGBT R 1.6 mQ

Line Resistance R 15.4 mQ

Heat Transfer Coefficient h 9.6 W/(mA2- K)

Please note that the heat transfer coefficient, h, in Table S1 was measured with cells in the thermal chamber,
which is usually different from that measured in a real pack. The adoption of h in the thermal chamber in the
calculation is because that the h value in the battery pack is unavailable. In a battery pack, additional
accessories, such as a cooling plate and bus bar, are contained and absorb heat from the warm cells, as their
temperature is lower than that of the cells. Here, we ignored the continuous loss of heat from cells to
accessories after the preset temperature was reached (heating process stopped). In the heating process, the
h of cells in the battery pack is positively correlated with the heat loss from the warm cells to the accessories.
Therefore, the heating efficiency could decline if the h of the cells in the real battery pack is higher than 9.6

6



W/(m?2:K). For example, an h value of 20 W/(m?K) decreases the heating efficiency from 89.7% to 83% when
batteries are heated from —7 °C to 29.1 °C.
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