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Abstract

This paper is focused on the analysis of the performance of DC electric motor for electric vehicles (EV)
in urban and intercity routes. The paper analyzes the different driving conditions in both types of routes
reproducing the most current situations and how they influence the electric motor performance. The
study is focused on a dual electric motor configuration, series and parallel, which equips an electric
vehicle prototype, evaluating the power response using both configurations, and comparing results
from any of the two types of DC electric motor. A control system is proposed to commute between series
and parallel configuration depending on driving conditions and type of route to maximize the
performance of the electric motor. Driving routes have been segmented into five categories,
acceleration, deceleration, constant velocity, ascent and descent, as representative of any urban or
intercity routes. A simulation process has been carried out to reproduce real driving conditions. The
simulation has been applied considering the turning speed of the electric motor as the key parameter
to decide which configuration should be selected. The results of the simulation process indicates that
the control system selects the working configuration depending on the turning speed of the electric
motor but also on the acceleration rate.

Keywords: Electric vehicle, DC electric motor, Dual series/parallel configuration, Control system,
Performance improvement

INTRODUCTION

In past years, the promotion of the electric vehicle in the private transportation sector has become a
very popular action [1-5], which today is gaining popularity and adepts [6-19]. In city routes the use
of the electric vehicle does not represent a serious problem since the distances are relatively short and
the EV autonomy is, in most of the cases, enough to cover this distance [20-26]. Nevertheless, car
manufacturers continue searching for higher performance of the EV, with the goal of gaining the
consumers market and increase the selling of their models. To do so, the research on battery and motor
performance has deserved the attention of R&D departments in many cars manufacturing companies as
well as in public and private institutions [27-35].

The increase in EV autonomy, one of the main
worries of car drivers, depends not only on the battery
capacity, but also in the managing way of the driving
and the motor performance of the electric vehicle [36,
37]. The improvement of this latter represents a
challenge because of the specific characteristics of the
electric motors once they have been installed in the
EV; therefore, a deeper analysis of the electric motor
performance should be done to increase the motor
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efficiency, thus enlarging the driving range of the
electric vehicle with a more efficient use of the
energy.
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Electric vehicles can be equipped with continuous or alternate current motors depending on the
configuration and manufacturer selection. Direct current motors operate with a type of current
compatible with that generated by supercapacitors, batteries and fuel cells, in addition to photovoltaic
panels in case this is an alternative source of energy. Alternating current motors need a conversion
system, inverter or converter, to take advantage of direct current from any of these sources. Both have
advantages and drawbacks, therefore there is not a unique option for the electric vehicle motor system
[38-42].

DC motors can be classified into two categories, series wound and shunt wound; among alternating
current motors there are different types, magnetic induction motors, permanent magnet synchronous
motors, magnetic induction synchronous motors, magnetic induction asynchronous motors and
magnetic reluctance motors.

Alternate current motors require a DC/AC converter to adapt the extracted current from the battery
to the motor configuration; continuous current motors do not need from this converter but suffer from
a lower operating voltage that imposes working at higher electric current level, which are the
responsible of the major fraction of energy losses. This drawback has been progressively solved with
the development of more powerful motors that operate at higher DC voltages, reducing the electric
current, consequently, the energy losses. This reduction means an apparent but effective improvement
in the motor efficiency that enlarges the driving range.

Although the current trend is to use alternating current motors, the difference between this type of
motor and one with brushless direct current is practically nil; on the other hand, the use of one or another
type of motor, AC or DC, is a function of the power, the type of vehicle and the performance,
acceleration, maximum speed, consumption, etc., required by the electric vehicle. Likewise, the type of
engine is linked to the type of transmission the vehicle is equipped with, although conventional systems
are not used in an electric vehicle.

The goal of this paper is the optimization in the managing of the power demand from the battery to
the electric motor, fulfilling driving conditions requirements and making the use of energy more
efficient, thus having an extended driving range for the electric vehicle.

THEORETICAL BACKGROUND OF ELECTRIC MOTORS

Although there are multiple types of motors, the number of configurations that can be given when it
comes to electric vehicles is limited. Electric motors for vehicles are combined, today, with inverters
and electronic control systems that allow varied combinations among which are a wide speed range
with constant torque and extended speed range with constant power; therefore, depending on the
configuration of the propulsion system, the design and type of electric motor will be different.

DC electric motors used to operate at lower voltage than AC motors; this situation has been solved
in recent years with advanced configuration that make the DC electric motor operating at voltages closer
to the ones of AC motors.

Basically, there are two types of configurations for the mode of operation of a direct current electric
motor, series and parallel. The electric motor with brushes in series has the following characteristics,
high torque and low speed; these characteristics make it ideal for starter systems. The brush system
creates a permanent magnetic field that generates a flux that causes the moving part of the motor to
rotate, thus creating a rotational movement that is transferred to the motor shaft.

In general, the torque of a motor can be obtained from the following equation:

Tax :TmGRtrGRdif The s (1)
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Where Ta is the torque at the axis, Tm the torque of the motor, Gr is the gear ratio, and # the efficiency,
with tr for the powertrain and dif for the differential. Nevertheless, most electric cars do not have a
gearbox nor a differential; therefore, Tax=Tnm.

The torque of a motor is directly related to its driving force through the expression:
Fo =To/R 2)
Where F_is the driving force, and R is the wheel radius.

Driving force in an electric vehicle, like in any other car, is composed of four different terms,
acceleration, drag force, rolling force, and tangential weighing force. Mathematically:

F,=ma+xv+(uttana)mg ©)

Where m is the mass of the electric vehicle, a is the acceleration, « is the drag coefficient, v the vehicle
speed, u the rolling coefficient between tires and road, and « the slope of the road, positive for ascent
and negative for descent.

Combining equations 2 to 3:
T, =R[ma+xv+(uxtana)mg | ()
Since the mass of the vehicle is also constant:
Tm:mR[a+(z</m)v+(,uitana)g]:mR(a+ad+ag) (5)

Where aq = (x/m)v is the drag acceleration, and ag = (u £ tan a)g is the acceleration required to
compensate for the loss of speed in ascent segments of a road.

Grouping all acceleration in one, the torque is expressed as:
Tm = mRaeff (6)
Where aef is the effective acceleration corresponding to a specific torque, which is always higher

than the real acceleration of the vehicle, a, since the effective acceleration takes into account all driving
conditions.

Power consumption is directly related to the torque through the expression:
R=To @)
Where w is the rotation speed of the electric motor.

Electric motors are able to deliver the maximum torque no matter the driving conditions; therefore,
if the effective acceleration increases, the torque does as well and vice versa.

Driving routes in modern urban areas can be considered as a set of three types of segments, flat
terrain, ascent and descent; these segments must be combined with acceleration, deceleration and
constant speed (cruising) processes, leading to different driving conditions.

In general, when the electric vehicle is running at constant speed in flat terrain, the effective
acceleration can be expressed as:

ay =(k/m)V+ug ®)
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Since the inertial acceleration and the slope of the road are null.
In these conditions, the torque and the power are given by:
T, =mR[ (&/m)v + ug | = (Ric)v+mRug 9)
P, = mRo| (x/m)Vv+ ug | = (Rox)v+MRoug (10)

Since the electric vehicle speed, v, is directly related to the turning speed of the electric motor [43],
equation 10 can be transformed into a quadratic equation of the type:

P =aw’ +ho+c (11)

Where a=Rxri, b=mRugr:and c is the fitting coefficient, which is currently defined from the adjusting
tests.

Assuming the drag and rolling coefficients are constant, and because the rotation speed uses to be
constant, the torque depends linearly on vehicle speed, as reflected in equation 9, and the power does
as well (see equation 10).

Performance of a DC electric motor
Figure 1 shows the torque and power evolution of series and parallel DC electric motor with the
turning speed for equal maximum delivered torque and power.

DC electric motor performance has been divided into five zones, A to E, in Figure 1, corresponding
to the torque and power evolution at very low, low, medium, high and very high turning speed range of
the electric motor, respectively. Focusing the attention into the power evolution we realize that series
and parallel configuration shows the same torque performance in zone A, but with higher rate for the
parallel configuration. In zone B while the series configuration maintains the maximum value of the
attained torque, parallel configuration shows a continuous linear decline in the torque evolution. The
power evolution in this zone B shows a higher performance for the parallel configuration, especially at
the half starting interval of the range.
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Figure 1. Comparative performance of torque and power for series and parallel configuration of a DC
electric motor.

In zone C power from series configuration is very close, in value, to the parallel configuration,
although a slight difference in favor of this latter configuration. Torque, however, is higher in the series
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configuration showing a constant value for the entire range while in the parallel configuration the linear
decline continues.

Torque in zone D slightly differs from series to parallel, even if the series configuration evolves
guadratically with turning speed while parallel continues with the linear evolution; nevertheless, the
difference in supplied torque in the entire range is of small value and from practical point of view can
be considered negligible.

Power in zone D, however, shows an opposite trend in the quadratic evolution of the power with
turning speed; parallel configuration provides higher power than series.

In zone E, the observed trend in power evolution for series and parallel configuration continues but
enlarging the difference in supply power between parallel and series configuration. On the contrary,
series configuration provides higher torque values at very high turning speed, with similar values for
both configurations at the first part of the turning speed range.

Maximum value of torque and power shown in Figure 1 can be updated to driving conditions,
increasing or decreasing the set-up value; besides, the different sections of the Figure 1 can be combined
depending on the driving route conditions and way of driving; in other words, the sequence does not
mandatorily follow the represented sequence and can be alternate in a different way.

Considering the driving urban route in a typical day consists of a series of segments that can be
associated to the following five categories, acceleration or deceleration process, constant speed running,
ascent and descent route, and applying the five selected zones in Figure 1 to these categories, it results:

e A-zone can be associated to the acceleration process, especially when the vehicle starts moving

from stopping at a traffic light or traffic jam

e B-zone is typical of the ascending route segment where electric engine requires maximum power

and constant torque to push up the vehicle to maintain speed

e C-zone could correspond to cruising segment, since in this condition the vehicle may require

increasing the power to compensate the drag force of the wind if the speed is high, or to reduce
power requirements in case the speed is low. In both situations the torque reduces considerably
due to the inertial effects

e D-zone can be associated to the descending route segment where vehicle tends to increase

velocity due to the conversion of potential energy into kinetic, thus reducing drastically the torque
and power requirements

e E-zone represents a very unusual driving situation with the electric motor turning at maximum

rotation speed and the electric vehicle attaining its maximum velocity

The performance of the DC electric motor can be modeled through a simulation process, obtaining
the corresponding coefficients, a, b and ¢ from equation 11. To do so, the DC electric motor should be
submitted to specific driving conditions reproducing the real situation in urban and/or intercity routes.

Performance simulation

A simulation process has been carried out in an electric motor of 60 kW of maximum power, which
is a current value in modern electric vehicle of high driving range [44]. The simulation has been
developed for the above specific maximum power as a function of the turning speed of the electric
engine; series and parallel configuration have been used. The simulated electric vehicle characteristics
have been:

R=0.245m; r =10° ; m=1800kg (12)

And the road condition characteristic parameters are:
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x=0.17; £=0.15 (13)

The results from the simulation process are shown in Figure 2.
To fairly compare the performance of series and parallel configuration of the DC electric motor,
identical maximum power and torque have been considered for the simulation process, as reflected in

the graph representation of Figure 1. In such conditions, the performance of the electric motor can be
linked to the value of the delivering power for every turning speed.
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Figure 2. Power evolution for series and parallel configuration of a DC electric motor from the
simulation process.

The simulation process has resulted in a power evolution that reproduces the expected evolution of
the performance of the DC electric motor (Figure 2) for the two configurations, series and parallel. We
realize that the evolution can be fitted to a right line for both, series and parallel, in zone A, to a linear
evolution for the series configuration in zones B and C, to a quadratic evolution for the parallel
configuration in zones B trough E, and to a quadratic evolution for the series configuration in zones D
and E. The mathematical algorithms of the fitting process have been presented in the following set of

equations:

a) Zone A
P =0.01160 (R*=1) (series) 13)
P =0.0181w (R®=1) (parallel)

b) Zone B
P =0.0116w (R®=1) (series) (14)
P =—4x10" »” —0.0038w+49.954 (R? =1)(parallel)

c) ZoneC
P =57.890 (R’®=1)(series) (15)

P =-4x10" ®’ —0.0038w+49.954 (R* =1)(parallel)
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d) ZoneD
P =-3.8x10" ®° +0.0038w+60.505 (R* =1)(series) (16)
P =-4x10" »* +0.0038w +49.954 (R* =1)(parallel)

e) ZoneE
P =-3.8x10" @ +0.01270+63.340 (R? =1)(series) 16)
P =—4x10" ® +0.0038c+49.954 (R? =1)(parallel)

Applying data to equation 12, we obtain: see Table 1.

Table 1. Results from the simulation process for the power evolution of the DC electric motor
erformance.

Configuration Series Parallel
Zone |Value a (x107) | b (x10%) | a (x107) | b (x10'%)
A Th. --- 11.2 --- 20.4
Sim. --- 11.6 --- 18.1
Dev. (%) | - 3.1 12.9
B Th. --- 11.2 -4 3.7
Sim. --- 11.6 -4.165 3.8
Dev. (%) | - 31 4.1 2.6
C Th. 1.000 -4 3.7
Sim. 1.036 -4.165 3.8
Dev. (%) | - 36 4.1 2.6
D Th. -4 3.7 -4 3.7
Sim. -3.8 3.8 -4.165 3.8
Dev. (%) | 5.0 2.6 4.1 2.6
E Th. -4 11.4 -4 3.7
Sim. -3.8 12.7 -4.165 3.8
Dev. (%) | 5.0 10.2 4.1 2.6

Legend: Th: theoretical; Sim: simulation

Comparing theoretical values and simulation results we can observe the close agreement in the
predicted values within 93% of accuracy.

Application of DC electric motor performance to driving conditions

To set up an appropriate control of the DC configuration for an optimum efficiency if the electric
motor it is necessary to combine the previously selected zones with the kind of driving, which can be
classified in three different categories, aggressive, moderate and gentle. These three types of driving
are characterized by the acceleration rate, 2.5 m/s? for the aggressive mode, 1.75 m/s? for the moderate
one, and 1 m/s? for the gentle.

Since the acceleration process requires an increasing power supply, zone A for the parallel
configuration and zones A and B for the series one, are the most appropriate to fulfil this requirement;
acceleration occurs either at the starting up of the vehicle from stopped situation, during ascent if vehicle
speed is maintained, or in case of increasing the velocity at the cruising operating mode. On the other
hand, the power demand is higher in the aggressive mode.

If the acceleration occurs at low turning speed of the electric motor, parallel configuration should be
selected as default option, especially if the cruising mode is reached within a short time; however, if the
acceleration mode is maintained for a longer time, attempting to reach higher velocity, a wider range of
constant torque is required, what implies the use of the series configuration; the control system should
then switch from parallel to series if the acceleration is maintained beyond the set up threshold
corresponding to the boundary between zones A and B. This threshold obviously depends on the type
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and model of electric vehicle, but it can be configured in the control system software from the technical
information provided by the manufacturer.

Cruising mode currently corresponds to medium and high turning speed values, requiring a low
power demand because of the dynamic driving conditions, null acceleration; the cruising mode,
however, requires increasing power if vehicle speed is increased to compensate the higher drag force.
This situation perfectly matches zone C for any of the two configurations, with series maintaining a
constant value of the maximum torque, thus being the perfect candidate to operate with.

Deceleration occurs either at breaking or in descending route with energy recovering system working,
a situation that matches zone D for both series and parallel configuration, with the series one showing
a better performance because of its lower power requirement.

Control system

Because the performance shows different evolution and values throughout the entire range of electric
motor turning speed, power and energy demand should be adapted to the optimum operating conditions,
this can be done commuting between series and parallel configuration using a control system that
configures the operational mode of the DC electric motor to generate optimum performance for every
driving situation.

Figure 3 shows the schematic representation of the series configuration for the DC electric motor in
propulsion mode; for the regenerative breaking mode, the current is inverted, and the motor plays the
role of a generator supplying current and energy to the battery.

J Battery Brushes ; X switch
—— Diode D1 o

Figure 3. Schematic representation of the electric circuit of the control system for a DC electric motor
in series configuration (propulsion mode).

The thyristor is commanded by the control system, regulating the delivering of power according to
the specific demand. In the above circuit, the diode D1 forces the current to flow towards the brush
system of the motor, causing it to act with direct polarity, thus acting as an energy consuming element
(propeller). With the brake switch closed, current flows simultaneously through diode D2 and the brake
switch, although the higher resistance of the diode causes most of the current to flow through the brake
switch.

Likewise, the current flowing through the lower branch returns, preferentially, to the power source,
thus closing the circuit, due to the greater electrical resistance of diode D1. Current flows through diodes
D1 and D2, although in less quantity than through the main branch.

In propulsion mode, the thyristor regulates the amount of current that circulates through the upper
right branch of the circuit; in this way, the amount of current that is demanded from the DC source is
limited by the return current through diode D2, which in turn limits the power of the motor and the
energy consumed.
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Like a DC motor in series configuration, a DC motor in parallel configuration operates in different
regions depending on the speed of the vehicle (Figure 4). The first region of constant torque, limited by
the rated power of the motor, corresponds to a fairly small range of speeds. In the second region the
motor operates at constant power; in this region the torque varies linearly, decreasing. Finally, in the
third region, the torque continues to decrease linearly, while the power decreases, but in a potential way,
with the square of the speed.

! +
/-- Thyristor Brushes Mgtor Dlijoge
— . —
= =
—— Rheostat
"X Diode D1 Switch 5 o
|

Figure 4. Schematic representation of the electric circuit of the control system for a DC electric motor
in parallel configuration (propulsion mode).

In propulsion mode, the current that circulates can be controlled by means of a rheostat, so that the
current that circulates through the brushes is greater or less; by varying the circulating current, the field
generated in the brushes is also changed, which causes the motor power to change proportionally.

In this type of configuration, starting requires a very high torque that must be regulated by a control
system. When you want to increase the speed, you increase the resistance in the rheostat, which causes
more current to pass through the brushes, generating more field and, therefore, more power.

If you want to reduce the speed, you have to reduce the power generated by the motor, which is
achieved by reducing the field generated in the brushes by passing less current through them, which
implies reducing the resistance in the rheostat.

Control system operation

Control system operates based on optimizing the performance of the DC electric motor, which
corresponds to the maximum power delivering for specific turning speed. Since the power demand
depends on the vehicle velocity, thus on the turning speed of the electric motor, but also on the
acceleration rate, it is necessary to configure any driving route as a function of these two reference
parameters. According to this definition, five categories arise, acceleration, deceleration, constant
speed, ascending and descending route. These five categories should be combined with the different
ranges into which the turning speed of the electric motor has been divided (Figure 2) resulting in the
following selected configuration (Table 2).

Table 2. Selection of the electric motor configuration for the different driving conditions.

Turning speed range | Acceleration |Deceleration |Cruising |Ascending route |Descending route
Low (A) Parallel Series Series Parallel Series
Low-medium (B) Series Parallel Parallel  |Series Parallel

Medium (C) Series Parallel Both Series Parallel

High (D) Parallel Series Parallel  |Parallel Series

Very high (E) Series Parallel Parallel  |Series Parallel

NOTE: The selection marked in italic character are very unusual, thus not probable to occur.

The selection criteria for choosing series or parallel configuration at any of the different driving
conditions shown in Table 2 have been based on the power and torque requirements, considering a
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higher power and torque demand is directly related to a steeper evolution of the power and vice versa.
On the other hand, conservative energy and power criteria have been applied to the route segments
where power demand lowers or a constant torque works better.

The control system operates on the basis set up by the configuration criteria shown in Table 2,
switching from one configuration to the other in case the driving conditions require to do so. Since the
turning speed increases or decreases passing through the different turning speed range, once the control
system determines the transitional state, it “decides” if switching or maintaining the current
configuration.

Let us suppose the electric vehicle is running at low turning speed of the electric motor under
acceleration mode; if turning speed increases to low-medium range, and the vehicle continues
accelerating the control system switches from parallel to series configuration to adapt the driving
conditions to the optimum performance, saving energy and enlarging the driving range. In case the
electric vehicle has reached the cruising speed and does not continue accelerating the control system
takes no action since the best configuration for cruising at low medium turning speed range is the
parallel one. Continuing with the simulation, if from low-medium range of turning speed of electric
motor the vehicle enters into ascending route, the control system switches to series as this is the
optimum configuration for the new driving conditions. On the way back, if a descending route follows
the ascending and the electric vehicle reduces velocity and turning speed the control system switches
back to parallel configuration. This simulation is given as a guideline of how the control system works
to optimize the performance of the electric motor.

Experimental tests

To validate the set-up protocol an experimental model has been built; the model consists of an DC
electric motor that can be configured in parallel or series using an external circuit as shown in Figures
3 and 4. The electric motor is powered by a Li-ion battery of 29.6 Ah operating at 29.4 VDC, which
provides a nominal energy of 870.24 Wh. To reproduce the real driving conditions the model has used
a conversion factor for voltage, power and current to reduce real operating values to model ones, and
the results from the simulation at the model have been converted back into real driving values to verify
the validity of the protocol. The electric motor model can turn up to 16000 rpm, so there is no need of
conversion factor.

Considering the simulated values of the proposed protocol and taking into consideration the
maximum value of the turning speed of the electric motor we can obtain the maximum velocity at which
the real electric vehicle can run; therefore:

v, = 27(60)Ra,, t, = 27(60)(0.245)(16000)(0.1) =147.8km /h 17)

The maximum velocity obtained from the calculation at the simulation is coherent with technical
specifications of a real electric vehicle of the considered characteristics used in the calculation,
operating with an electric motor of 60 kW.

Th parameter t, is the transmission rate used in our model to transform rotational speed at the electric
motor into rotation movement at the vehicle wheel.

Using this technique, we have obtained the following results (Figure 5).

It can be seen that the model reproduces the real situation within very high accuracy, better than 93%,
which proves the validity of the designed protocol.

The analysis of the simulated results provides the threshold values of the different zones, A to E, the
turning speed of the electric motor has been divided in. These values are indicated in Table 3.
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Figure 5. Power evolution for series and parallel configuration of a DC electric motor from
experimental test (adapted values to real electric vehicle).

Table 3. Threshold values for the selected zones of the DC electric motor turning speed.
Zone A-B B-C c-D D-E
Threshold (rpm) 3200 5100 6700 13600

The above-mentioned values in Table 3 are fully compatible with a real electric motor operating in
current driving conditions.

CONCLUSIONS
A new protocol to operate with a dual DC electric motor configuration has been studied. Series and
parallel configuration have been analyzed when operating at real driving conditions.

The new protocol has been based on power demand requirements to fulfil driving dynamic conditions
throughout the entire interval of the turning speed of the electric motor. Five different zones have been
identified as a result of the comparison of the DC electric motor performance for series and parallel
configuration.

The selection criteria for choosing series or parallel configuration at any of the different driving
conditions have been based on power and torque requirements, considering a higher power and torque
demand is directly related to a steeper evolution of the power and vice versa. On the other hand,
conservative energy and power criteria have been applied to the route segments where power demand
lowers or a constant torque works better.

A simulation process of the evolution of electric motor power delivering as a function of the turning
speed has been made; the simulation has matched theoretical predictions within accuracy of 93%%.

The simulation process has been validated through experimental tests that have proved the validity
of the proposed protocol. As a result of the experimental tests, threshold values to determine the turning
speed zone interval have been obtained. These threshold values are compatible with operational real
electric motor in electric vehicles.

Maximum velocity of the simulated electric vehicle tests has been obtained; the value is fully
compatible with real values, what confirms the validity of the simulation process.
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