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Abstract

The present paper outlines an analysis of the energy consumption of a light commercial vehicle that is
powered purely electrically by an induction machine. The question was to what extent energy consumption
is impacted by two defined aspects: On the one hand these are different control concepts for the traction
machine and on the other hand varying link voltage. At first the influence of the controls on the energy
consumption of the drive unit will be analyzed, followed by an efficiency analysis that takes into account

the different controls at varying link voltage.
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1 Introduction

Today’s battery electric vehicles are mostly powered by a permanent magnet synchronous machine because
it boasts excellent efficiency rates and a compact design. On the downside, there is the need for rare earth
materials that are available only in limited supply and thus prone to entailing high manufacturing costs.
This is why in the following we will focus on an induction machine as a vehicle drive. It has a smaller
overall efficiency which, however, can be increased by optimum efficiency controls [1].

The 40 kW induction machine employed was laid out as a vehicle drive [1] whose control was tailored to
optimum efficiency in two different ways and which serves as drive of a light commercial vehicle. The
latter is represented as a Simulink model comprising all related components in view of the tests to be
performed. At first our contribution focuses on the effect of the controls on the efficiency of machine and
power electronics before detailing the effects of varying link voltages on the efficiency.

2 Modular Simulation Structure

Our research is based on a quasi-stationary forward simulation of a light commercial vehicle. Fig.1 displays
the vehicle topology employed and the related components. The simulation model is made up modularly so
that the individual components can be exchanged if need be.

2.1 Vehicle Topology and Model Components

The concept in question is that of a light commercial vehicle whose power source is a battery and which is
driven by an induction machine (IM) at the front wheel. It comprises exclusively a differential gear (igir)
for converting the torque and the rpm. The vehicle data applied are listed in Table 1.

The driver aims to abide by a predefined speed; therefore the driver model is laid out as a PI controller and
transmits the torque demand to the drivetrain.
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Figure 1: Drive topology employed and structure of the vehicle model

In the ,,longitudinal dynamics“ block the driving resistances are computed that a vehicle has to overcome
before starting to move. Also the wheel power of the induction machine that is available for overcoming
these driving resistances is Fresistance COmputed. The thrust is as follows:

laiff
Fenrust = My * ——= 1)
wheel
The equation
AF = Fiprust — Fresistance =m* a 2

describes an acceleration (a) that the vehicle is able to achieve. Integration yields the actual velocity that is
transmitted to the driver module for determining the actuating variable (Miw).

In the battery model, the battery voltage is determined according to Equation (3) [7]. It is also required in
the model of the inverter for voltage limitation as well as for computing the inverter losses and the battery
power. For this purpose, the battery current I,,; necessary for the equation is determined in the inverter
module subject to the respective load situation.

1
Ubat = Neen * (UO - Ri * Ibat,string —Ax s0c(o) * Ibat,string —Bx* Ibat,string) (3)

The process uses a Li-ion battery with the parameters listed in Table 2. Moreover, the model comprises two
different battery configurations having the open circuit voltages Uy 280 V and 350 V, respectively.

The braking torque is computed by means of a serial strategy that depends on the deceleration demanded
by the driver. In case of small decelerations at first only an electric regenerative braking is applied; with
higher deceleration values, additionally the mechanical friction brake is put into effect. The braking torque
is transmitted to the longitudinal dynamics module.

The model of the electric machine consists of a dynamic field oriented d,g-model which makes sure that the
transition between two operating points will be represented precisely [4]. According to the control voltages
transmitted by the inverter and on demand by the driver, the machine model generates a reference torque
for the model of the longitudinal dynamics so that, according to Equation (2), a desired acceleration resp.
speed can be maintained. Moreover, the machine model transmits the rotor flux W and the (independent)
current components iy, i5q to the inverter model for machine control. For determining the dynamic
efficiency, the machine losses, i.e., stator-, rotor-, and iron losses, are computed in this model. The
information necessary for modeling the induction machine will be detailed in Chapter 3. For a traction
machine we use an induction machine using the parameters listed in Table 1.

In the inverter model the machine control and the power loss computation of the inverter are implemented.
The inverter is a fully active B6 bridge described by the characteristics in Table 1. The machine control
computes the required control voltages for the machine which will be realized by the inverter by means of
pulse width modulation; thus it will be possible to generate a reference torque demanded by the driver.
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Table 1: Vehicle component data

Induction machine Vehicle data

Nominal power 39 kW Vehicle mass 1447 kg

Maximum power 90 kKW Wheel diameter 0.34m

Nominal speed 5000 1/min Vehicle height 1.79m

Maximum speed 15000 1/min Differential-gear ratio 9.5

Number of pole pairs 3 Total brake torque 1,200 Nm

Inverter SEMIX453GB12E4s Battery cell

Switch frequency 10 kHz Open circuit voltage 3,426 V

Power factor 1 Internal resistance 0,008 Q

Modulation depth 0.9 Battery stack

Nominal voltage 600 V Configuration 1: 280 V 101s5p
Configuration 2: 350 V 82s5p

3 Machine Modeling and Control Method

3.1 Machine Model
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Figure 2: Equivalent circuit diagram rotor flux oriented coordinate system

Modeling of the induction machine is based on the equivalent circuit diagram in Fig. 2 in the rotor flux
oriented coordinate system with the definition Wp = i, * L,,, With w,,p, the electric angular velocity of the

rotor flux, and wp, the electric angular velocity of the rotor. The resulting system equations represented by
space vectors are the following:

. I} d . . ' . ' a . . .
Us =Rs*£S+LS,GE£S+]*me*LS,U*ES+Lm*(EE#"']*me*Lu) (4)
'—'+'—"—'+L’—'"*(' *-+£-)+L'_m*i-+-( — wp)i (5)
L=l il =L A Uomexl + 530 )+ (Gl +/(0nr — @r)L)
with
[y Sy P Y S Ry Y% =(L—m)2*R
S,0 S Lr ybm N LR’ R Lr R
If the space vectors are described in the d,q representation as
u = u g (6)
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i = isd +jisq (7)
=g+ g =l = i, (8)

this will yield, subsequent to a division into real and imaginary parts, the equations for voltage and current:

. d . . d .
Ugg = Rg xigq + L,s,a at lsg — Wmpg * Lls,o * lsq + L,m * El,u (9)
. d . . .
Usq = R * lsqg + Lls,oalsq + Wmp * Lls,o * lgq + Wimp * Ly * ly (10)
o L'm  Lm _ d.
lga = lﬂ+ (R—C+E) *al‘u (11)
. L'm . L .
isg == Wmpr * I, + T (Wmr — WR)I 12
sq R, mR ™ tu Rg ( mR R) u ( )
— ¥r
y = . (13)

In the coordinate system oriented according to the rotor flux, the torque provided by the induction machine
is:

_mg_ L& . . __mg Ly ,
Mel —TPElulsq -7 pLR LpRlsq (14)

3.2 The Control Methods Employed

Subsequent to the modeling of the induction machine in the rotor flux oriented coordinate system two
control methods, functioning in different ways, will be presented in view of increasing the efficiency of the
induction machine. In both cases an optimum reference flux is computed; it brings about an increased
efficiency of the traction machine.

As displayed in Fig. 4, these control methods are integrated in the field oriented control (FOC) by means of
the block 1, in which the optimum flow is computed. In order to ensure an efficiency optimal operation
also in the field weakening area, here the conventional structure of field weakening is used in the shape of a
voltage limitation in addition to the ,,, block [5]. This precludes setting too high a flux in the field
weakening area.

Thus the reference value transmitted to the flux controller is:
Wrsot1 = min(lpR,opt; l'pR,FSB) (15)

Here the effectivity of loss minimization depends on the exact computation of the machine parameters, e.g.,
of resistances and inductivity [3].
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Figure 3: Flux curves for the three controls
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Figure 4: Scheme of control strategy of the induction machine
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Figure 5: Integration of LMC in FOC Figure 6: Integration of RFC in FOC

3.3 Loss model-based Controller (LMC)

With the loss model-based controller (LMC) the losses are computed by means of a substitute diagram of
the induction machine in field coordinates displayed in Fig. 2 (Chapter 3.1) and minimized by setting an
optimum flux rate.

For developing the LMC one takes into account the model equations (Chapter 3.1) in the stationary state.
Only the losses that [2] proclaims to be crucial are taken into account, with the iron losses being related to
the stator:

PLOSS = stator + PiTOTL + PTOtOT (16)
Inclusion of the modeling equations into the stationary state yields the equation:

Pross = Rs * (i2a +i35) + Re* (isg —ir)* + R +i§  (17)
As in this equation only the currents is; and iy, represent state variables, the loss equation with

R L}

tp = lsq — lfe = lsq ,-‘,C_,_CR;2 +isq RC:;-‘,;? * Wp (18)
is expressed only by ig; and igg:
Pross = Rg * iszd + Rq * iszq (19)
: _ Ly *wp? _ Rc*R
with R; = Rg + RARL and R, = Rg + RtRL (20)

As an optimum flow value is to be provided by means of LMC and because izq = i, is valid in the
stationary state, the determined loss equation is minimized in correlation with ig;:
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dPLoss

. d .
iy =2x*Ry(wg) *igq + Ry * lesq =0 (21)

Application of the torque equation (Chapter 3.1) enables the following differentiation:

2
2
dPLosszz*Rd(a)R)*isd‘l'Rq*( Mey > a %:2*Rd((uR)*lsd—Rq*2*l_‘?=0 (22)

S
- A - -
digg ms*p*lz‘_m digqg igq isd
R

2
With W =i, * Ly, this yields the final equation:

Rq .
Rq(wg) 4

Wropt = lpopt * Lm = Loy * (23)

This equation represents the algorithm that in real time minimizes the above mentioned losses as compared
with the field oriented control. In the following display (Figure 5) the algorithm is included into the field
oriented control of Figure 4. The components iy, and w, required for the algorithm can be taken from the
model of the induction machine.

Figure 3 displays the qualitative magnetic flux curves of the field oriented control (thick,black) and of the
LMC (green). It can be seen that the flux value of the LMC, due to a direct dependence on the torque-
inducing current iy, exceeds that of the field oriented one at a certain speed/load. This is the case if a
higher speed requires a stronger field weakening than that computed by LMC. For optimum operation of
the induction machine in the field weakening area we select the procedure marked by the red broken line.

3.4 Rotor Frequency Optimization Procedure

In the procedure presented here, the optimum flux is computed by means of the corresponding optimum
rotor frequency.

=
B

Figure 7: Equivalent circuit diagram for RFC

As regards the computation steps, the optimization procedure is oriented according to the equivalent circuit
diagram in Fig. 6. For any desired point in the speed torque characteristic of the induction machine, at first
the rotor frequency w, and the slip s are determined by means of the reference rotor flux according to the
following equations.

M*(Lr,cr"' Lsn)

©r = ms*p*Tr*‘ng (24)
Wy
S = W (25)

In a next step the powers and voltages are computed according to the equivalent circuit diagram (Fig. 6) for
the constant torque and the field weakening areas. During computation in the latter, close attention must be
paid to the voltage requirement. For checking if the machine is in the field weakening area, the stator
voltage is determined and compared to a defined voltage limit Uj:

U SIUI=IRo+jxwg s L)+ 1 +U_| (26)

Then the efficiency 7 is assessed, depending on the stator losses Pvs, those of the rotor Py g, and the iron
losses Py re:
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In the following the procedure is repeated at an increased rotor frequency with the same operating point
until an optimum efficiency is identified. Eventually the rotor frequency wpg Yielding the maximum
efficiency will be stored in a look-up table. This algorithm is then applied to all existing points in the
characteristic diagram.

The look-up table is integrated into the field oriented control in Fig. 6. Moreover, within the . block the
optimum rotor frequency is converted into the rotor flux according to the following equation

_ M*(Lr,0'+ Lsh)
lpr N \J mg*p*Tr*wy (28)

in such a way as to generate a reference value W, ,,,. for the flux controller.

4 Analysis of Energy Consumption

4.1 Effects of the Control Strategies on the Losses

41.1 Effects on the Machine Losses

In the following we will detail the effects that the control strategies described have on the losses under the
assumption of an open circuit voltage of 350 V. Firstly we will examine the machine losses, taking into
account ohmic losses in stator and rotor, iron losses as well as switching and conducting losses of the
inverter. The losses are measured at velocities that are typical of German traffic. Field oriented control
serves as a reference.

Copper losses rotor Copper losses stator
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Figure 8: Copper losses in rotor and stator at 350 V

The inevitable rise of stator losses with increasing speed can be attributed to the fact that with increasing
driving resistances (in particular air resistance) the power requirement will also go up. What is more, at
velocities of more than 70 km/h the stator losses in either of the two minimization procedures exceed the
losses in the field oriented control. This results from the control related flux minimization that brings about
a larger demand for Isq , in which case the condition P = const is again being complied with.

In the efficiency optimizing procedures, rotor losses will increase over the whole velocity range in
question. This is due to the machine running continually under optimum rotor flux, to the effect that the
rotor losses will increase. These observations have already been presented in [1] and [6].
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Figure 9: Iron losses at 350 V

The largest proportion in the minimization falls to the iron losses in relation to the overall losses of the
machine. In a direct comparison of LMC to FOC, a reduction of 69.4 % is effected at 30 km/h while at 100
km/h it is still 55.3 %.

The reason for the drastic reduction is the linear correlation between the iron loss current and the
magnetizing current (cf. Chapter 3, Equation 5). Due to an optimum flux in the area of constant torque
(Fig.4) the iron losses can be reduced. The largest difference is revealed by a direct comparison between
FOC and RFC. Its cause can also be seen clearly in Fig. (4). In the RFC, the optimum flux value is below
that of the two other procedures.

The test results yield the efficiency curves for the electric machine under the three controls as displayed in
the following. It is evident that the efficiency optimized procedures boast significantly higher efficiency
rates than do the FOC. From a velocity of 90 km/h on there is an approximation resp. an improved energy
balance for the FOC (RFC in direct comparison to FOC). Over the whole velocity range the LMC is more
efficient than the other two controls.
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P |

"’_/" — ]
0,9 P__—d’ —

)
g V.
5 0.8 ¢—FOC
&
i = LMC
0,7
RFC
0,6 T T T T T 1
0 20 40 60 80 100 120

speed in km/h

Figure 10: Efficiency curves — machine at 350 V

4.1.2 Effects on the Inverter Losses

Considering now also the switching and conducting losses in the power electronics, one clearly sees that
the maps describing the losses correspond to those of the stator losses. This is a result of the two inverter
losses being proportional to the stator current. Up to velocities of 50 km/h they are smaller than with the
FOC; beyond this limit they are higher as well. This is a positive side effect of the optimization: as the
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stator current in the area of constant torque
minimized.

is lower than in the FOC the inverter losses will also be
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Figure 11: Switching and conduction losses at 350 V

4.1.3  Analysis of the Overall Efficiency

Efficiency curves - overall
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Figure 12: Efficiency curves — overall at 350 V

Displaying the efficiency of electrical machine and inverter reveals that at any speed, LMC is more
favourable for the energy balance than the FOR. With the RFC the total of the overall losses exceeds the
total of the FOR from a speed of about 70 km/h.

4.2 Loss Behavior at Varying Link Voltages

As already mentioned in Chapter 2, the battery was modelled in such a way as to output two different link
voltages: 280 V and 350 V. The tests detailed in the following were each performed at these two voltages
while the winding configuration in the machine remained the same. Also the reference flux values for the
two voltage levels were assumed to be identical; this one flux value was determined to yield an optimum
electro magnetic design.

Irrespective of the control, the copper and iron losses as well as the switching losses in the area of constant
torque do not depend on the battery voltage. This is due to the fact that the components of the stator current
are independent of the battery voltage and that only the fundamental wave of the induction machine was
considered. Owing to this, the current ripple that is related to the link voltage and would make the iron
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losses fluctuate depending on the respective voltage will not be taken into account. Hence these losses are
identical for the two voltage levels.

Merely the switching losses depend on the voltage level of the battery, due to the correlation between those
of the IGBT and the diodes on the one hand and the battery voltage on the other hand.

When the machine is in the field weakening area, the three controls produce different loss behaviors that
will be examined closer in the two following subchapters.

4.2.1 Loss Behaviour in the FOC

With field oriented control the machine is in the area of constant torque at 280 V up to a velocity of 70
km/h, at 350 V it dwells there at any velocity. This implies delayed switching from the area of constant
torque to the field weakening area at 350 V. Consequently the copper and switching losses will rise when
the link voltage is lower because at 280 V and 100 km/h the machine is already in the field weakening area
and thus requires higher stator current due to the reduced flux. The latter is a consequence of the effort to
keep the power on a constant level.

When the link voltage drops, the losses will decrease because there is already field weakening at 280 V and
100 km/h. At 100 km/h the iron losses are reduced by 37,7%; the other losses increase at a lower rate. Thus
the overall losses are higher at a link voltage of 350 V than at 280 V.

Overall efficiency - FOC
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0,65

0,6
0 20 40 60 80 100 120

speed in km/h

—0— 280V B350V

Figure 13: Overall efficiency of FOC for both voltages

4.2.2 Loss Behaviors under RFC and LMC

If the machine is operated by means of any of the two efficiency optimal control procedures it will remain
in the area of constant torque over the entire velocity range. Thus the stator current components will always
stay independent of the battery voltage. This implies that the iron and copper losses are identical for the
two voltage levels. The same holds for the switching losses of the power electronics. Only these will vary
because of their connection with the battery voltage and increase with a rising link voltage. Hence the
efficiency at a link voltage of 280 V is again higher than at 350 V.
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Figure 14: Overall efficiency of LMC (left) and RFC (right) for both voltages

All three controls show that the efficiencies are slightly better at 280 V than at 350 V. A direct comparison
between the three controls reveals that even at an open circuit voltage of 280 V the LMC performs better
than the other two controls.

Efficiency curves - overall at 280 V
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Figure 15: Efficiency curves — overall at 280 V

5 Conclusion

Provided its control was selected carefully and cleverly, the induction machine can be a valuable drive for a
light commercial vehicle. The results presented in [1] are confirmed. The rotor frequency optimization
method (RFC) is a good choice for service in urban areas yet has some shortcomings when it comes to
higher rpm. Here an LMC controlled machine is better suited that even at higher rpm has a better efficiency
than does an FOC controlled one.

However, attention must be paid to an increase in rotor losses with the two efficiency optimal procedures.
In this case a suitable cooling process must be employed.
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Varying link voltages produce the effect that in all three controls the efficiencies will increase in case the
link voltage decreases. Both at 280 V and at 350 V the LMC is the control achieving the best efficiencies
over the entire velocity range.

In general it can be stated that an efficiency optimal control is excellent for service within inner city speed
limits and also on roads at a speed of up to 100 km/h. These are typical fields of application for a light
commercial vehicle providing delivery service.

Future work will focus on determining an efficiency optimum reference flux value in the nominal range of
the machine for different open circuit voltages and on repeating the tests.
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