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Article Info ABSTRACT

Article history: The performance and efficiency of electric vehicles (EVs) depend mostly on
. the EVs powertrains. Therefore, one of the most vital research areas is the effi-
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ciency analysis of the drivetrain parts in electric vehicles. In this work, two basic
drivetrain configurations of EVs are considered and evaluated. Firstly, the one
with constant direct current (DC) link voltage and second one having a bidirec-
tional DC-DC converter which supplies variable DC link voltage to the inverter.
Keywords: In order to control a permanent magnet synchronous machine (PMSM), field
oriented control (FOC) technique is performed. Furthermore, a bidirectional
DC-DC converter with optimized parameters is designed and implemented with
) variable DC link voltage controller. Finally, a comparison is made taking into
Permanent magnet machine account both drivetrain configurations with details efficiency analysis using real
Power converters time switches at wide operating points of the machine.
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1. INTRODUCTION

Considering the alarming rate of depletion of fuel reserve and due to arising concerns about the global
climate change, the conventional transportation systems open to many problems nowadays. The power and
energy sector accounts for a large share of worldwide emissions, which accounts for 40% of worldwide C'O4
production followed by the transportation sector (24%) [1I], [2]. This motivates researchers to develop sustain-
able transportation means as top priorities. There has been increased research in the research and development
(R&D) area of electric vehicles (EVs) due to the government policies like zero-emission vehicle (ZEV) conven-
tion in the USA, China, and Canada [3]. It is estimated that by 2030, electric vehicles will be 30% of the total
vehicles on the road [4], [S]. Many of the big cities in the world are seeing the transition to electric vehicles as
a prospective solution to improving local air quality, diminishing climate changes and rising the economies.

The major subsystems of an EV is the electric propulsion systems. Selection of traction motors can
be choosen depending on three factors efficiency, reliability and cost. The manufacturers adopt four major
types of electric motors which include the direct current (DC) motor, induction motor (IM), permanent magnet
synchronous machine (PMSM), and switched reluctance machine (SRM). PMSM machine poses high power
density, high torque density, high efficiency over a wide range of speed but reasonably high cost [6]. Hence,
to reduce the cost non permanent magnet (PM) machine are the potential candidate of PM based machine. Be-
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cause of the reliability, roughness and low cost of IM, they are well suited for traction and industrial applications
[7]. Most of the researchers are working on optimizing PMSM and IM according to the major requirements
in EVs electric traction system [8], [9]. Meanwhile, SRM is becoming more popular and recognized as hav-
ing potential benefits from simple structure, easy control and excellent torque speed characteristics [[10]. In
order to get good dynamic response and efficiency, it is challenging task to select proper control strategy for
PMSM. There are mainly two control aspects: field oriented control (FOC) and direct torque control (DTC).
Despite of having simple structure and faster control, DTC has high current and torque ripple [11]]. On the
contrary, FOC allows decoupling between flux and torque and thus can cover wide speed range but control
strategy is complex. Therefore, there is no straight answer of the question about superior technique between
FOC and DTC.

EVs drivetrain configurations is another essentials aspect. There are two possible powertrain con-
figuartions; the first one includes an energy source, an inverter and the motor and the second configuration
has a bidirectional DC-DC converter in between energy source and inverter [[12]. The purpose of this DC-DC
converter is to provide variable DC link voltage (V) based on driving cycle requirements [13], [14]. This
bidirectional DC-DC converter not only decreases inverter stress but also improves the motor performance by
regulating system voltage without raising battery costs and size, despite having higher cell number require-
ments [15], [16]. However, in spite of the decrease in battery size, this DC-DC converter has power losses.
Hence, optimization of inductor and power switches must taken into account during design. Lots of research
suggested and assessed bidirectional DC-DC converters for EVs and most of them offered a comparison of
efficiency but mainly for fixed input and output parameters [[17]. Dusmez et al. [17]] proposes a three level
nonisolated bidirectional DC-DC converter which reduces the size of magnetic components and exhibits con-
siderable efficiency improvement compared to two level converter under available driving cycle conditions.
Many pieces of research are going on wide band gap material (silicon carbide (SiC) and gallium nitride (GaN))
based DC-DC converters. SiC-based converter provides much better mileage per energy converted, volume
reduction and less need of cooling due to the device losses reduction [[18].

In order to enhance the efficiency of DC-DC converter, three phase inverter and PMSM, PMSM motor
drive topology based on variable V. link is effective. Different DC-DC converter topologies and their control
methods for PMSM based drivetrains for the practical realization of V. are outlined in [19]. An online method
is proposed to calculate the required DC link voltage in low speed operating region of machine which performs
higher efficiency due to lower switching losses in the inverter [20]. Prabhakar et al. [20] developed a method
to optimize V. for wide speed variations a maximum torque per ampere criteria based on offline calculation
method. There have been various works on the effective assessment of EV drivetrains so far. However, most of
the works confined to evaluate DC-DC converter performance optimization not overall systems performance
and some only considers limited torque and speed range. Following of this flow, we have tried to evaluate
the performance and efficiency of EVs using full bridge (four legs) bidirectional DC-DC converter and PMSM
motor through FOC controller and DC link voltage controller implementation.

2. DRIVETRAIN AND CONTROLLER STRATEGY

Two drivetrains is considered in this work, one is without DC-DC converter (C'1) and another is with
inclusion of DC-DC converter (C'2) as shown in Figure 1. In Figure 2, field oriented control (FOC) is performed
with DC link voltage controller. In DC link controllers there are an inner current loop to control the inductor
current in addition with an outer voltage controller to control the voltage across DC link capacitor.

In order to regulate the d-axis and g-axis current two proportional-integral (PI) regulators are used. The
PI current controllers correct the error difference between d, q projections of the stator phase currents to their
reference values d-axis current and g-axis current. Then the outputs of the current controllers passed through
inverse park transformation and using the pulse width modulation (PWM) technique a new stator voltage vector
is obtained to the motor (Figure 2). The g- axis reference current will be calculated from torque reference and
is proportional to the torque demand. It is not possible to control d and g-axis current independently due to the
cross coupling effects such as presence of we L 41, and w, Lqi4 terms. These effects become dominated as speed
increases. Hence, it is necessary to compensate the cross coupling effects else it will affect current responses as
well as torque response in the high speed operating region. Hence, feed forward compensation is implemented.
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Figure 1. Drivetrain configurations C1 and C2

Drivetrain with dc-dc converter (C2)

aa

Ve
’Q PWM » DC
Vdc DC
‘ Al
| ]
vg
* — ™ dg
T e 3 S |, L % »
W % 5__ v} PEVPWM
oo abc

ifabc
3]

be
O

Figure 2. Control strategy with variable DC link voltage controller

2.1. d-q reference model of PMSM

For the ease of control purpose, three phase model of PMSM can be represented in d-q axis frame by
applying (v,,,) whereas g-axis bisects the section between permanent magnets. As the magnet is embedded in
the rotor, the magnet flux rotated with the rotor’s speed as well as the stator’s magnetic flux. I, currents creates
mmf in g-direction called torque current. Similarly, /; currents create mmf in the d-direction called the field

current. The voltage across d and q axis as (1) and (2).

. di )

vg = Rygig —&-de—td — wyLgig @))]
. di )

vy = Rgig+ qu—; 4+ wrLgtq + Wpthp, 2)
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3.  CONTROL PRINCIPLE OF PMSM

The PMSM machine drive features depict in Figure 3. It is shown from Figure 3(a), that PMSM
provide a steady torque up to the base speed and then provide peak torque that is inversely proportional to the
maximum speed. For operating machines up to base speed either i, kept zero or maxium torque per ampere
(MTPA) strategy is applied. Beyond base speed field weakening (FW) control is implemented.

3.1. Current and voltage limits

The maximum current limit of a machine depends on the power rating of the inverter and machine’s
maximum thermal limit can be represented as (3).

I, = \/ 13 + 1(21 < Inas (3)

It can be seen from Figure 3(b), a circle can be formed in the i4-i, plane with the fixed radius of ¢,, 4, Wwhich is
the machine’s maximum peak current limit and independent of the machines speed.

The voltage limit V,, ., for the inverter rely on the DC link voltage V. and the machine insulation.
This voltage is restricted to the range Vy./ V/3 [21]. Meanwhile, this secures the existence of voltage rotating
vector inside the maximum voltage limit. This voltage limit can be portrayed by ellipses which radius become
smaller with the increase in machine’s rotational speed. The centre of this ellipses can be denoted by the point
(—t¢/La,0) known as the critical current in the ¢4-i4 plane as presented in Figure 3(b). The voltage limit can
be represented as (4).

‘/;:\/U§+U3§Vmam (4)

Where V,,, . is the inverter’s highest available output voltage depending on the DC bus voltage.
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Figure 3. PMSM drive characteristics (a) operating region and (b) current limit circle and voltage limit ellipse

4. DCLINK VOLTAGE CONTROLLER

The function of the DC link voltage controller is to provide the required DC link voltage depending
on the operating speed of the machine. If machine speed is high, required DC link voltage will be high. How-
ever, less V. is demanded to drive the motor at reduced speed. However, due to maximum V. application
even at lower speed could result in more inverter and machine losses. Hence, it is really necessary to calcu-
late appropriate V. at particular speed. The relationship between V. and motor speed can be described by
following (5).

Vie = \@wmpws )

Here, ¢, is the stator flux linkage.
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4.1. Calculation of DC-DC converter power stage
4.1.1. Calculation for the buck stage

The (6) is a good approximate equation for calculating minimum value of inductance for buck con-
verter continuous mode operation [22].

Vout X (‘/in - Vout)
Ln,*' =
v A-[L X fsw X ‘/zn (6)

The output capacitance value for 5% desired voltage ripple can be calculated from the (7) [23].

Aly,
min 7
Cm 8 X fow X AViout @

4.1.2. Calculation for the boost stage
The (8) is a good approximation for the right inductor for boost mode in a specified range which as
follow [24].

‘/in Vou - ‘/z
b = X (Vowr = Vi) ®)
AIL X fsw X Vout

The output capacitor value for a desired voltage ripple is calculated by the formula (9).

Ioutma:z: x D
Cmin = T At 9)
fsw X A‘/ouf (

The summary of the key parameters of power converters and PMSM machines which has been considered for
simulation are presented in Table 1.

Table 1. Key parameters of PMSM and power converter

Power converter parameters Value PMSM machine parameter Value
Input voltage (V;,,) 100 V Pole pair (P) 3
Output voltage (Vicmaz) 160.5V Power rating (P;g¢cq) 1.5 kW
Switching frequency of the DC -DC (fs) 100 kHz Rated current (1, 4¢cq) 13A
Switching frequency of the inverter (fs.,) 16 kHz Rated speed (NVyqted) 3,000 rpm
Inductor (Lpqyck) 342 uH PM flux of the machine (,,,) 0.0852 Wb
Inductor (Lpoost) 502 uH Torque constant (K1) 0.383 Nm/A
Output capacitor (Cyycx) 0.2335 uF'  Stator resistance (Ry) 0.8434 Q2
Output capacitor (Cpoost) T147uF d and q axis inductance (Lg=L,) 1.35 mH

5. RESULTS AND DISCUSSION

The efficiency of the global system and its subsystems (DC-DC converter, three-phase inverter and
the motor) are analyzed for both powertrains (C1 and C2) in the form of efficiency maps. Moreover, the
efficiency map of the DC-DC converter also discussed. All the efficiency maps data are obtained from the
PLECS software using real switches from manufacturers [25].

5.1. Inverter efficiency

The efficiency maps of the inverter for both drivetrain (C1 and C2) is shown in Figure 4 especially in
Figures 4(a) dan 4(b). It is observed from the Figure 4(b), that the overall inverter efficiency is significantly
improved in topology C2. It can be shown from Figure 4(a), minimum efficiency of inverter has increased from
15.1% to 31.2% whereas maximum efficiency has increased up to 95%. The use of variable V. control tech-
nique is the main reason of this efficiency improvement. Moreover, boost in the efficiency in C2 at lower speed
because of less voltage appears across insulated-gate bipolar transistor (IGBTs). Consequently, switching, and
conduction losses of the inverter are reduced. Figure 5 illustrates the switching losses in inverter. Particularly,
switching losses are reduced due to mainly reduction of magnitude of V. as shown in Figures 5(a) and 5(a).
It is observed from the inverter switching losses maps, at lower speed region, the losses are almost half in C2
with respect to C1 as expected.
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Inverter efficiency maps for drivetrain c1 Inverter efficiency maps for drivetrain C2
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Figure 4. Inverter efficiency for drivetrain (a) C1 and (b) C2
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Figure 5. Switching losses in inverter for drivetrain (a) C1 and (b) C2

5.2. DC-DC converter efficiency

It is noted that the DC-DC converter efficiency changes from 75% to 96% from low speed to high
speed region (Figure 6). In addition, with the rise in load torque and motors speed, the efficiency of the system
and subsystems increase. The reason behind this is that with the increase in load torque and speed of the motor,
the power output from the machine becomes prevalent over the losses.

DC-DC converter efficiency maps for drivetrain C2
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Figure 6. DC-DC converter efficiency map for drivetrain C2
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5.3. PMSM motor efficiency map

Figure 7 depicts the PMSM efficiency maps. It is vivid that at the lower speed region efficiency has
increased significantly in C2 compared to C1 due to applying of variable V. control algorithm as shown in
Figures 7(a) and 7(b). At reduced speed and load torques, as the inverter controls voltage to the motor through
the variable DC link controller, the PMSM voltage is minimized, reducing the iron losses of the motor and thus
efficiency improved. The minimum efficiency has increased to 53% from 29% in powertrain C2. However, at
high speed and load torque, from Figure 7(a) it is clear that, the efficiency of both configurations (C1 and C2)
are almost identical because the voltage of the system is almost the same in that region.
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Figure 7. Motor efficiency for drivetrain (a) C1 and (b) C2

5.4. System efficiency map

Figure 8 presents the overall system efficiency for configurations C1 and C2 respectively. Comparing
the outcomes from Figure 8(a) and Figure 8(b), it is found that despite the greater inverter and PMSM efficiency
in C2 topology owing to the losses of the DC-DC converter, performance is adversely impacted when PMSM
works at elevated speeds and load torque. Thus, taking account only inverter and PMSM losses in drivetrain
C1, the system efficiency values of C1 will be higher than C2 configuration at higher speed. However, at the
lower speed range, the efficiency of topology C2 becomes higher than C1. This happens because at lower
speed V. control schemes enable system voltage to decrease, leading in lower subsystems losses and thus
good efficiency obtained. The minimum efficiency improved in topology C2 is 20% compared to 10% in C1.

System efficlency maps for drivetrain G1

Torgque (Nm)
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Figure 8. System efficiency for drivetrain (a) C1 and (b) C2

6. CONCLUSION

The findings obtained from the appearance of efficiency maps offer very effective results on the com-
binations of torque/speed in which a particular electric drive system is most effective. To sum up, taking in
consideration all these factors for an urban driving cycles in which a traction motor most frequently operates at
light loads and low speeds, the electric propulsion systems should be designed such that it can provide maxi-
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mum efficiency and stable performance in this region. Hence, the variable voltage controlled drivetrains fulfill
above conditions and well suited for urban driving cycles. However the effects of distortion in PMSM voltage
and current directly influence the machine efficiency and lifetime. Hence, total harmonic distortion in voltage
and current is needed to be analysed for both C1 and C2 topology in order to have better performance of the
drive systems.
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