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1 EXECUTIVE SUMMARY

Climate change has created an increased need for innovation in various sectors, including the
automotive industry. Many corporations are striving to fulfil this need by developing and producing
electric cars. However, the production process remains inefficient and environmentally harmful.
The EU-funded HEFT project will reverse this trend by introducing a revolutionary synchronous
motor for electric cars, which will be recyclable, cost-efficient and require fewer materials while
producing fewer emissions and creating novel European circular economies.

HEFT Project proposes a set of innovation challenges on electric synchronous motor
configuration based on SiC inverters (direct cooling of rotor and stator, advance insulation for high
voltage, multibarrier rotor topology, wave windings) and advanced materials (advanced GBD
magnets, epoxy for magnet fixation, composite for motor housing, insulation resin). These
innovations will result in a high-efficient and low-cost solution that will be validated on 2 motor
topologies.

¢ Motor topology type C: Motors for C-D-E vehicle segments.
¢ Motor topology type A: Motors for A-B vehicle segments.

In this document the work carried out in Task 3.2 of HEFT project has been summarized. The
objective of this task is to improve SiC-based drive control to reduce powertrain losses and
improve EV range. In this document the following issues will be covered:

1. Online variable switching frequency control strategy to optimize drive operation and reduce
inverter and motor losses.

2. Optimal flux operation point to increase motor efficiency.

3. Improved powertrain thermal management strategy.

All these control aspects will be used in both A+B segment motor and C+D+E segment motor, as
control strategy is the same for both motors that will be designed in HEFT project (only some
parameters’ tunning need to be modified). Therefore, as use case, A+B segment motor has been
selected, because this motor has already been designed. However, some preliminary results
regarding C+D+E segment motor are also shown in this deliverable (this motor is still under
development) to show that the proposed control strategy is valid for any IPMSM.

D3.2 Improved SiC-based high voltage drive control 5
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In this section, drive specifications considered for this task will be described. These specifications
were defined in WP1 (Deliverable D1.2). On the one hand, there are two segments of vehicles
considered (A+B and C+D+E), leading to two different motors. On the other hand, silicon carbide
(SIiC) inverter will be detailed. Two different motors specifications are detailed in Table 1 and

Table 2.

Table 1 Motor Specifications for A+B segment.

A + B Segment

Units Peak | Continuous
Duration of operation point S 30 1800
Shaft power kW 110 55
Max Shaft torque - example Nm 163
Corner speed rpm 6.444
Maximum speed - example rpm 20.000
Maximum speed - market constraint rpm 20.000
Maximum overspeed rpm +10%
Nominal DC Voltage Vdc 650
Maximum phase current Arms 350
Power Density - Continuous :287379;1\/0/\///'1(8((?531) 1“)&
Torque Density - Continuous ~35,~8545l\,lfr3n7/l2; TQ‘P‘?‘ 4.2)
Motor losses - Mean over WLTP Wh/km 11,4
Maximum temperature on winding °C 180 180
Maximum rotor temperature °C 150 150

D3.2 Improved SiC-based high voltage drive control
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Table 2 Motor specifications for C+D+E Segment
C + D + E Segment \

Units Peak [ Continuous
Duration of operation point S 30 1800
Shaft power kW 170 111
Max Shaft torque - example Nm 260
Corner speed rpm 6.250
Maximum speed - example rpm 19.914
Maximum speed - market constraint rpm 20.000
Maximum overspeed rpm +10%
Nominal DC Voltage Vdc 650
Maximum phase current Arms 350
Power Density - Continuous - Option A :278017?\/\(///&(8(&?&)1?
Torque Density - Continuous - Option B ~32,~159?\,l:n8lli\lgn(]/KLPélg‘4.2)
Motor losses - Mean over WLTP Wh/km TBD'
Maximum temperature on winding °C 180 180
Maximum rotor temperature °C 150 150

SiC inverter specifications are described in Table 3.

Table 3 SiC inverter sgeciﬁcations

?n\wllao)l(tnség:;s: ??(:lﬁlldt) = risetime) [kVius] | 5 typical | 10 stretch
Max Switching Frequency [HZ] 20.000
Fundamental Frequency max [Hz] ~1000

Number of phases [-] 3

max. DC-Bus-Voltage Vdc 800

PDIV Phase-Phase Vpk-pk 3726

PDIV Phase-Ground Vpk-pk 2381

Moreover, to tune control strategy algorithm is necessary to consider motor design parameters.
A+B segment motor have already been defined in WP4 (Task 4.1) and the following design
parameters have been selected:

Table 4 A+B segment motor design parameters (at maximum saturation levels).

A+B HEFT motor

Pole pair [-] 3
L4 [mH] 0.155
Lq [mH] 0.4293
Rs [mQ] 27.37
Magnet flux (RMS) [MmWhb] 48.3

" Motor losses - Mean over WLTP. To Be Defined according to fulfil at least 20% reduction over baseline
eMotor

D3.2 Improved SiC-based high voltage drive control 7
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3 IMPROVED SIC-BASED IPMSM DRIVE CONTROL STRATEGY

In this section the control strategy developed for an 800V SiC based drive is presented. Firstly,
main control parts of the vector control will be described. Then, improved control algorithms will
be introduced: variable switching frequency, optimal flux operation point, and thermal derating.

3.1 IPMSM Drive control

The Vector Control (VC) is implemented for the control of the IPMSM SiC-based drive control.
This control algorithm decomposes the AC current vector into two perpendicular DC components.
These components are named as direct current (id) and quadrature currents (iq). The former is
oriented as the axis of the permanent magnet of the rotor. The latter leads 90° to the g-axis. In
Figure 1 this transformation is shown graphically, where x represents any electrical variable such
as voltage or current and 6, the electrical angular position.

Figure 1: abc to dq transformation.

In synchronous machines, two constraints exist which are imposed by the inverter and the
machine. These limits impose the current references for the control of the drive. On the one hand,
the current limitation comes from the thermal limitation in the inverter and the machine. This
limitation is defined in (1). On the other hand, the voltage limit defined by (2) is imposed by the
isolation of the machine and the maximum voltage that can be supplied by the inverter.

igs +ias <I2 (1)
vgs + Vi < Vi (2)

Until a certain speed of the machine, known as base speed, the voltage limitation is not a
constraint since the maximum voltage is not reached. This region is called the constant torque
region. After the base speed is reached, the phase voltage amplitude is maintained constant, and
the torque maximum value is indirectly proportional to the fundamental speed of the machine.
This region is the flux-weakening region [1].

To obtain the current references in the constant torque region Maximum Torque Per Ampere
(MTPA) is selected. This algorithm aims to calculate the most efficient idq current reference value
for a torque contour. In Figure 2 the combination of idg currents for each torque contour are
shown for HEFT A+B segment motor. The MTPA trajectory shows the most efficient combination
of idq currents for each torque value.

D3.2 Improved SiC-based high voltage drive control 8
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Figure 2: Torque contours vs idq currents for MTPA algorithm.
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i

The direct and quadrature currents can be expressed as a function of the stator maximum value
as shown in (3). In this way, the resultant torque equation given by (4). The current angle that
achieves the maximum torque for an idq current combination is obtained by deriving the torque
equation (4) by the angle of the current as dT,,,/dé. Thus, the optimum current angle is calculated
by (5). For this drive, the resultant idq trajectory respect to the torque value is shown in Figure 3.

das = —Igsind (3)
igs = Igcosé
T—E(AI 8 + (Las — Lgs)[Zcosbsing @
em = 5 P(Apmls cos + (Lgs — Lgs)[2cossiné)
A 22 (5)
sinSyrpa = P — 7 5+ 12
Z(Lq — Ld) 4(Lq _ Ld)
300
200
% 100
"g 0 |
© -100 - ]
-200

0 50 100 150 200
Torque (Nm)
Figure 3: Tem vs idq for MTPA algorithm for HEFT A+B segment motor.
As mentioned previously, in the flux-weakening (FW) region the voltage is also a constraint. In

this case, the optimum current angle is achieved by resolving the voltage equation shown in (6).
The resultant current angle is calculated by (7).

6
Viarx = we\/(—qus cos 6)2 + (Lglssin§ + Apm)z ©

D3.2 Improved SiC-based high voltage drive control 9
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)
~Latym + (B + (1 — LR = Viae/ )

G-I

sin 6FW =

Finally, in some drives, an additional third region called Maximum Torque per Voltage (MTPV)
can be implemented. This region happens in drives that fulfil the relation 4,,, < LyIs, which
places the centre of the voltage ellipse inside the current circumference. In this case, this condition
is not given, thus, the MTPV is not applied. In Figure 4 it is verified how the MTPV trajectory does
not enter the circumference of the current at the maximum machine speed for Vdc=650V.

Vde=650V
400 , . —
— ——15krpm
— — - 18krpm
3007 21krpm ||
= — — =24krpm
Z 2000 -7 -~ |~ —-27krpm |
Z [oes 30krpm
B Irated
100 ——MTPV |7
~ N N N
0 L 1 1 1 \\ I )
-600 -500 -400 -300 -200 -100 0

id (A)
Figure 4: MTPV trajectory for the considered drive.

After calculating the idq references for the full-speed region, the characteristics curves of the
drive are shown in Figure 5. In this case, the base speed is Ny, = 20.000rpm.

. Torque Power
g 200 ' = '
z Z ™ =
g 100 = 100
3 2
= 0 & 0
0 10 20 0 10 20
idgq Is
< 400 —1 =i 400
= 200 ~—f—id|] = — s
g .0 —ia]{ £ 200 — Tref
£ -200 )
gl e 12
0 10 20 0 10 20
vdq Vs
[ = 400
Z 200 —vas|| 2 —Vs [
o — v L — Vrat
g 208 <_ ves[i % 200 Vrat
S S0
0 10 20 0 10 20
Speed (krpm) Speed (krpm)

Figure 5: Characteristics curves of the IPMSM for HEFT A+B segment motor.
For the implementation of the explained algorithms, the block diagram shown in Figure 6 is

followed. First, the idq current references for the commanded torque reference T,,,* are obtained
from the Look-Up-Table (LUT) MTPA & FW. The vdq reference voltages are obtained from the

D3.2 Improved SiC-based high voltage drive control 10
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current regulators which in this control are Proportional-Integral (Pl) regulators. The inputs for
these regulators are the idq* and the measured idq fb currents. The latter are obtained from the
information given by the current sensor. These phase currents are transformed to dg coordinates
through the abc to dq0 transformation, see equation (8).

fa o[ cos®  cos(6@—2m/3)  cos(6 +2m/3) ||fa (8)
fql ==|-sin@ —sin(8 —2rn/3) —sin(8 +2n/3)||f»
hl e 1/2 1/2 f:

Once the vdq reference voltages are calculated, the inverse of the abc to dq0 transformation is
applied to achieve the voltage reference in abc frame. Finally, the voltage reference obtained from
the control is fed to the modulation block. The implemented modulation in this block in the third
harmonic injection which increases the index modulation to ma = 1.15. To obtain the gate pulses
required from the semiconductors, the PWM modulation is selected where a high switching
frequency triangular carrier is compared with the voltage reference commands obtained from the
control.

Control & Modulation Plant
1-D T a0
Tem* idg*
=y ‘ f_ > .
1d*">( )_. d*
. = V dq0 o=l
MTPA & FW id fo—1 vdg*, Vabc* | NW Sabc —|E‘%
0%
Iph |abe iq ibQ—. PI vq* P2 b
g idq fb , i € 208 - ——
" » iqfb dqo to abe Modulation e IPMSM
G dqo Current Regulators
abc to dq
Transt

Figure 6: Control block diagram of the IPMSM SiC-based drive.

3.2 Variable switching frequency control to reduce losses

One of the advantages of SiC devices is their wide range of switching frequencies. To take
advantage of this characteristic and at the same time improve the efficiency of the SiC-based
inverter drive, a variable switching frequency control is implemented. Different objectives are
presented in the literature for the variable switching frequency control as shown in [2], [3], and [4].

In this case, the selected objective of the variable switching frequency control is to maintain a
frequency ratio my = 17. Following this criterion, the switching frequency varies depending on the
speed of the machine as shown in Figure 7. A minimum switching frequency of f, = 5kHz is
fixed at low speeds to ensure good control accuracy in this region.

)
[R]
[

(™)
e}

—_
o]

Switching Frequency (kHz
o

[

0 5 10 15 20
Mechanical Speed (krpm)

Figure 7: Mechanical Speed vs Switching frequency ratio for m=17.
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3.3 Optimal flux operation point to increase motor efficiency

In section 3.1, the fundamentals of the control of an IPMSM have been explained, including the
operational limits related both to the machine and to the inverter. Related to that explanation
Figure 8 shows the capacity curve of the machine. At lower velocities (less than 9500rpm), the
torque limit is related to the current limit related to thermal limit. At higher velocities (more than
9500rpm) the torque limit is related to the voltage limit, that comes both from insulation voltage
limit and operational maximum voltage related to the supply.

180 T T T T T T

160 -
140 -
120 -

E 100 -

=

= 80r

60 |
40 - ]
20 - .

0 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

N (rpm) <10%

Figure 8:Torque-speed capacity of the machine.

The capacity curve is slightly influenced by the control strategy, but this section does not focus
on pushing that limit but on selecting the optimum flux or the optimum d-q current setpoints for
any point inside the capacity region. For example, which are the best dq current setpoints to
operate the machine at N = 10 krpm and T = 80Nm? To answer this question, model of the
machine, and the optimality criteria must be first analyzed.

3.3.1 Steady-state models of a IPMSM machines and optimal efficiency

The steady-state electrical model of a IPMSM machine can be written in function of currents and
fluxes:

Vg = RSid - ﬂ)elpq (9)

Uq = RSiq + (x)el/)d

where:
Ya = Ypm + Lgig (10)
e = Lqlq
And the torque equation is:
T =3/2p(Ppymiq + (Lg — Lg)iaiy) (11)

For vectors in complex coordinates Vg, = vy + ) vq, lag =iq +Jj - ig, Yaqg =%a+Jj g the
equivalent electric circuit of the IPMSM machine gets the shape shown in Figure 9:

D3.2 Improved SiC-based high voltage drive control 12



V2.0

Vag O jwstag

Figure 9. Fundamental electrical equivalent circuit of an IPMSM

In this model, the losses are Joule losses related to the power dissipated in the input resistance,
and are then proportional to the square of the magnitude of the current:

Pry) = R(id +iq) = Rsl¢ (12)
The efficiency of the machine for a given output torque and speed is then:

o= 1¥m (13)
" Twp, + RI2

And to maximize it, the magnitude of the current must be minimized. This leads to the Maximum
Torque Per Ampere (MTPA) optimization criteria, because getting the minimum current for a
required torque comes to the same problem as getting the maximum torque for a given current
magnitude.

3.3.2 IPMSM model including core losses

More advanced models, which also include losses related to magnetic field in different parts of
the motor can be considered: usually, Finite Element Analysis software’s provide information
about the following type of losses:

- Hysteresis losses in iron.
- Eddy current losses in iron.
- Eddy current losses in magnets.

All these losses are localized at different parts of the machine and depend on the magnetic field
and the frequency at each point of the machine. At each spatial point of the machine, the losses
increase both with the amplitude of the magnetic field and with the frequency, with exponents and
gains that depend on the properties of the material at each place. Several models such as Bertotti
or Steinmetz [ (MIT, s.f.)] can be used to model losses in different materials.

If a machine is analyzed as a system, the total losses are the addition of the losses at all the parts
of the machine and depend on the magnetic state (so on dq currents) and on the frequency (so
on the speed): if the rotating magnetic field is bigger, the losses are bigger, and if the speed is
bigger the losses are bigger.

In an electrical equivalent circuit, such losses can be modeled by a resistor R, placed in parallel
with the voltage source related to flux changes (Figure 10). And its value depends on the
operating point (id, ig and speed/frequency).

Rnu(id:iq:f) (14)

D3.2 Improved SiC-based high voltage drive control 13
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Rs Id,q—?l'n_. [dq
AVVY

Vag Rnu g C ) JWsWPaq

Figure 10: Electrical equivalent circuit of an IPMSM, including core losses.

In this new model, in addition to copper losses in Rs, there are also losses in Ry, core losses,
that depend on id, iq and velocity:

- At low velocities, core losses are small, and the most efficient point is almost MTPA point.
- When the speed increases, core losses can get not negligible, and the MTPA point is not
the most efficient point.

The efficiency now contains also these core losses:

o Twn, (15)
Twm + Rl _iny + Pa

Figure 11 shows the behaviour of the losses, in such conditions, around the MTPA angle:

- Joule losses (blue line) have a minimum at the MTPA angle value. Changing the angle in
any direction from this point will increase Joule losses.

- But for bigger angles, magnetic flux gets smaller so do the core losses (red line).

- So, the optimal, minimum losses point in total losses (orange line) is slightly displaced to
a bigger angle than the MTPA angle.

==='R
s

p——
nu

Power losses
’
LY

MTPA OPT
advance angle

Figure 11: Power losses versus current advance angle, when considering core losses.
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V2.0

3.3.3 Finding optimum fluxes and dq currents

Finding the optimum operation point for each torque and speed gets a quite different approach
depending on the complexity of the model of the machine.

- If a model with constant permanent magnet flux and constant inductances is considered
(section 3.3.1), an analytical solution can be easily obtained.

- If a more detailed model that considers magnetic saturation is used, permanent magnet
flux and inductances depend on dq currents, and the analytical solution gets impossible.
Non-linear optimization techniques must then be used to find the MTPA solution. The
solution is the same for all velocities.

- In case a model with saturation and with core losses is considered (shown in section
3.3.3.2), similar non-linear optimization techniques than in the previous are used, but the
optimization criteria change to include core losses, and the optimum point depends on
velocity.

3.3.3.1 MTPA with non-saturated model

The simplest model that can be considered for a IPMSM is a model with equations (9) and (10),
in which the inductances Lqs and Lq, and permanent magnet flux linkage 1,,,,, are constant. Being

constant meaning those values do not depend on currents.

With such model, an analytical calculation of the MTPA angle is possible. The calculation follows
the following steps:

- First, dq currents are written depending on magnitude and advance angle .
igs = —Issind (16)
lgs = Igcosé
- Second, those dq currents are replaced in equation (10), to get a torque equation that
depends on current magnitude and angle:

3
T= zp['l’pmls cos8 — (Lg — Lg)Issind I cos §] (17)

- To find the maximum torque for a given current Is value, the torque equation is derived to
angle and equated to zero. Then, the angle is solved from that equation.

(18)
l/me - \/lpz%m + 8152 (Ld - LQ)Z

4I(Lg — Ly)

sind =

For example, for constant model parameters L, = 0.288mHr, L, = 0.923mHr and v, =

62.8mWb, the torque-vs-angle curve of Figure 12 would be obtained for a constant current
magnitude . The angle of the local maximum is at 33,5 degrees and can be calculated using
equation (17).

D3.2 Improved SiC-based high voltage drive control 15
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Figure 12: Torque vs advance angle, for a model with constant parameters.

3.3.3.2 MTPA with saturation-model

Using FEA analysis, motor models that consider magnetic saturation can be obtained. In such
models equations (9) and (10) apply, but fluxes and inductances are values that change with dq

currents: Ly (ig,iq), Lq(iq,ig) @and , Yy, (i, ig) -

Under such dependencies, it is not possible to find an analytical solution for the MPTA angle, and
for each required torque, the point of minimum current must be found. For example, if current is
applied at different advance angles, and the current required in each case to get 55Nm torque is
plotted, the following result is obtained. The MTPA angle can be identified to be 43 degrees in
this case (see Figure 13).

55Nm

185

180

175

170

Is-peak ( )
>
(=]

150

145 +

140

135 . . . . . .
25 30 35 40 45 50 55 60 65 70

Advance angle (deg)

Figure 13: Current required to get 55Nm of torque, for AB model, depending on advance angle.

3.3.3.3 Optimum angle with saturation-model and core losses

As previously explained, when core losses are considered in the model, the total losses not only
depend on dq currents, but also on velocity through core losses. The bigger the velocity, the
bigger core losses, so looking for the optimum current angle at big speeds must consider those
losses.

D3.2 Improved SiC-based high voltage drive control 16
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For example, stator copper losses, core losses and total losses are shown in Figure 14, for
20000rpm-55Nm operation point. Stator copper losses (blue line) have a local minimum at MTPA
point, but core losses have a decreasing shape over the angle. Due to that, it happens that the
local minimum of the total losses (opt) is displaced to the right side, to a slightly bigger angle.

20000rpm , 55Nm

- —- -Rs
2500 | e
total
*  mipa
- opt
2000 + [
£ 1500
o [T T Tt mem e e e ___ -, £ 4
- -
-
1000 k. _ _ -7
~——— . __ —
500 +

0 . .
25 30 35 40 45 50 55 60 65 70

Advance angle (deg)

Figure 14: Power losses versus current advance angle, AB model, for 20000rpm and 556Nm

For lower velocities (Figure 14), core losses are smaller, while copper losses stay similar. As the
speed decreases, the importance of core losses decreases, and the optimal efficiency operating
point (opt) gets closer to the MTPA point. In Figure 14, at 2000rpm both points seem to be at the
same angular position. In fact, as previously explained, for Orpm, core losses would disappear
and MTPA point would be equal to the optimum efficiency point.

.- ZODDrrpm.ﬁlﬁNl'ﬂ ) 8000rpm , 55Nm

1500 ] 1800
= ==-Rs [/ - == Rs
T T oo 1600 = == -core
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Figure 14: Power losses versus current advance angle, AB model, for 2000rpm and 8000rpm, and 55Nm

Thus, this last algorithm allows to operate at optimal flux operation to improve powertrain
efficiency.
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3.4 Improved powertrain thermal management strategy

To reduce the thermal stress of the drive, a thermal management strategy control can be
implemented. The aim of this control algorithm is to reduce the current amplitude if a temperature
threshold is reached. In this way, the thermal stress is reduced. To do this, the derating factor
shown in Figure 15 is applied. In this case, the selected temperature threshold is 120°C. Once
this temperature value is achieved by the drive, the derating factor is applied to the i , currents.

LUT Derating Factor

Derating (p.u.)

0.2+

0 50 100 150
Temperature (°C)

Figure 15: LUT of the derating factor for the improved powertrain thermal management strategy.

4 SIMULATIONS RESULTS: A+B SEGMENT MOTOR USE CASE

In this section the simulation results of the improved Control Strategy developed for the HEFT
A+B segment motor are shown.

4.1 Basic performances

The basic performances of the drive are analysed in this section considering a constant switching
frequency and a nominal flux operation. Moreover, no derating is applied if the drive is overheated.
Maximum torque-speed characteristic results are shown.

In Figure 16 and Figure 17 the applied speed profile and the maximum torque profile are shown,
respectively. The MTPA algorithm is applied in the constant torque region which ends at N,,,.. =
7723.21rpm. After this speed is reached, the flux weakening region is reached. In this region, the
ig current amplitude must be indirectly proportional to the fundamental speed of the machine
whereas the id current is directly proportional to the speed. Hence, the torque amplitude in this
region decreases as the speed of the machine increases. At the maximum speed of the machine
Np,.c = 20krpm, the machine delivers a torque of T,,,, = 100.82Nm.
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Figure 16: Speed profile applied to the analysed SiC drive.

D3.2 Improved SiC-based high voltage drive control 18



V2.0

Torque

bo

o

o
T

— Tref
Testim

—

[y

o
T

Torque (Nm)
=
=
e}

0 _j I I I I I
0 1 2 3 4 5
Time (s)

Figure 17: Simulation results of the reference (blue) and estimated torque (red).

The idq current references provided by the MTPA & FW LUT block and the feedback references
of these signals are shown in Figure 18. As soon as the flux-weakening region is reached, iq
current is decreased whereas the id current is increased. The id current is always negative to be
able to deflux the machine. In Figure 19, the vdq voltage references are shown. These voltages
are the output of the PI current regulators.
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Figure 18: Simulation results of the reference and measured idq currents.
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Figure 19: Simulation results of the resultant vdq voltage references.

The resultant voltage amplitude of the stator is shown in Figure 20. The maximum voltage of the
stator V; ..+ is achieved at N,,,.. = 7723.21rpm. This speed matches the speed of the switching
from constant torque to flux-weakening region.
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Voltage Amplitude
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Figure 20: Simulation results of the voltage amplitude of the stator vs.

The estimated flux of the stator in dgq frame are shown in Figure 21. As for dq current and torque
values, the shift from the constant torque region to the flux-weakening region is done at N, =
7723.21rpm. It can be seen how A, flux increases its amplitude to demagnetize the machine.

0.15

Time (s)
Figure 21: Simulation results of dq flux.

In Figure 22, the amplitude of the stator flux is shown. This amplitude achieves a maximum value
of 145.81Wb in the constant torque region and a minimum value of 57.37Wb at maximum speed.
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Figure 22: Simulation results of the amplitude of the stator flux.

The phase current in the constant torque and flux-weakening regions has a constant amplitude
as shown in the Characteristics curves. In Figure 23 the resultant amplitude of the stator I; =
400.7A is maintained in the full speed range. A zoom in the phase currents at the maximum speed
Npmeec = 20000rpm is shown in Figure 24. At this speed the resultant Total Harmonic Distortion is

THD,; = 2.50%.
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Figure 23: Simulation results of the phase currents.
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Figure 24: Zoom of the phase currents at N, = 20000 rom.

Finally, a zoom of the duty cycles are shown in Figure 25. The maximum duty cycle value 1 p.u.
is achieved at N,,,.. = 7723.21rpm, matching the region switching. The applied modulation adds
the zero-sequence harmonic. For a three-phase a machine the zero-sequence harmonic
corresponds to the 3¢ low-order harmonic. The amplitude of the added harmonic is 1/6 of the
amplitude of the injected harmonic. The implementation of this modulation is shown in Figure 26.
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Figure 25: Zoom of the duty cycles in the constant torque region.
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Figure 26: Third harmonic injection in the reference voltage signals obtained by the control.

4.2 Variable switching frequency control to reduce losses

For the validation of the variable switching frequency four speed points are analysed: N, =
3000rpm, N, = 8000rpm, N, = 11000rpm, N,,,.. = 16000 and N,,.. = 20000rpm (see Figure
27). The first to analysed speed points are in the constant torque region whereas the last two are
in the flux-weakening region. Figure 28 shows the corresponding switching frequency for each
analysed speeds are 5kHz, 8.8kHz, 12.1kHz and 17.6kHz and 22kHz.
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Figure 27: Mechanical speed profile for the variable switching control.
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Figure 28: Selected switching frequency profile for the variable switching frequency control.

The resultant torque for the variable switching control is shown in Figure 29. In the two first
analysed speed points AT,,,, = 5.42% and AT,,, = 14.31%. When N,,,.. = 16000rpm the resultant
torque ripple is AT,,, = 3.965% and at the maximum speed (N, = 20000rpm), AT,,, = 16.05%.

D3.2 Improved SiC-based high voltage drive control 22



V2.0

Torque
200+ —Tref
— Testim
= 150 - 8
2
& 100
g‘
IS
= sof ]
0 I | |
0 1 2 3
Time (s)

Figure 29: Reference and measured torque for the variable switching frequency control.

As for the previously presented control technique, the currents iy and i, are directly and indirectly
proportional to the speed of the machine, respectively. In Figure 30 the resultant iy, currents for
the variable switching frequency control are shown. The resultant peak-to-peak iy, currents for
the analysed speed points are presented in Table 5.
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Figure 30: Reference and measured dq currents for the variable switching frequency control.

Table 5: Peak-to-peak curent values for idq currents

Nmec |Ald pp' |Alq pp'
3000rpm | 28.83A | 24524
8000 rpm 252A | 19.05A

11000 rpm 46.55 A 31.15A

16000 rpm 2141A 9.49A

20000 rpm 43.62 A 21.18A

The voltage values change drastically its value when the flux-weakening region is reached as
expected. This can be seen in Figure 31 which shows the dq voltages and in Figure 32 which
shows the voltage amplitude of the stator.
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Figure 31: Reference and measured dq voltages for the variable switching frequency control.
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Figure 32: Rated voltage (blue) and voltage amplitude of the stator (red) for the variable switching frequency control.

In Figure 33 the resultant flux linkages in dg plane are shown. It can be noted that these fluxes
have very similar current form as the dg currents. The reason for this is that the i, currents are

dependent on the flux linkage. The flux amplitude of the stator is shown in Figure 34.
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Figure 33: Flux in dq axes for the variable switching frequency control.
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Figure 34: Flux amplitude of the stator for variable switching frequency control.

Finally, the phase currents of the machine are shown. The resultant phase current amplitude is
shown in Figure 35.
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Figure 35: Phase current amplitude for the variable switching frequency.

In Figure 36, the zooms of the phase currents are shown. After the speed transitions, a sinusoidal
phase current is maintained. The resultant THD for each analysed speed points are THD; =
2.77%, THD; = 2.37%, THD; = 1.39% and THD; = 2.67%.
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Figure 36: Zoom of the phase currents in the fours analysed speed points with the optimum switching frequency control.
Respective speed points from left to right and from top to bottom: N,.. = 8000rpm, Np,.. = 11000rpm, Np,.. =
16000rpm and Ny, = 20000rpm.

4.3 Optimal flux operation point to increase motor efficiency

In this section, the results in the full-speed range implementing the optimum flux control are
shown. In Figure 37, the resultant torque results are shown when this control is applied. The shift
between the constant torque region and the constant power region happens at N,
9285.71rpm and t = 2.10s. At this speed a torque value of 204Nm is achieved whereas at the
maximum speed T,,,, = 33.79Nm. In Figure 38 the applied speed profile is shown, where the
maximum speed is achieved at t = 4.49s.
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Figure 37: Torque simulation results with the optimum flux control.
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Figure 38: Applied speed profile with the optimum flux control.
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The current references in dq coordinates and their respective measured feedback signals are
shown in Figure 39. The PI current regulators, control correctly the currents when the optimum
flux weakening region since the feedback signals track the calculated current references. After
the flux weakening region is reached, the i; current is reduced until —248.67A. The resultant
amplitude of the stator current is shown in Figure 40. The reduction of the current amplitude yields
to a power losses reduction which achieves a more efficient drive.
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Figure 39: iq, simulation results with the optimum flux control.
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Figure 40: Amplitude of the stator current with the optimum flux control.
The phase currents in abc plane are shown in the next figures. The i, currents in the constant

torque region are shown in Figure 41 where Ai,;_,, = 10.91A is obtained with a current THD; =

1.55%. In Figure 42 the results for the flux weakening region are shown. The amplitude is reduced
to |1,] = 266.91A with a resultant THD; = 3.99%.
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Figure 41: Phase currents in abc plane at the constant torque region with optimal flux control.
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Figure 42: Phase currents in abc plane at the flux-weakening region with optimal flux control.

The resultant stator flux in dg planes are shown in Figure 43. In the constant torque region, the
maximum achieved stator flux values are 1; = 11.98mWb and 4, = 115.37mWb. On the other
hand, in the flux-weakening region, the minimum achieved stator flux values are 1; = 29.2mWb
and A, = 22.48mWb. In Figure 44, the amplitude of the stator flux is shown. In the constant torque

region, a maximum stator flux A; = 115.83mWb whereas in the flux weakening region, the
minimum achieved stator flux is A, = 35.77mWhb.
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Figure 43: Stator flux in dq coordinates with optimum flux control.
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Figure 44: Stator flux amplitude with the optimum flux control.

The output of the PI current controllers is the v, voltages. These results are shown in Figure 45.

At N,,.. = 9285.71rpm, the amplitude of v, voltage is reduced drastically, reducing at the same
time the voltage amplitude of the stator. At the maximum speed, v = 238.25V is achieved. The

resultant amplitude of the stator is shown in Figure 46.
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Figure 45: Stator voltage in dq coordinates with optimum flux control.
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Figure 46: Voltage amplitude with the optimum flux control.

Since the amplitude of the voltage is reduced, the duty cycle follows the same pattern. The
resultant maximum duty cycle is 0.976 whereas at the maximum speed, the resultant duty cycle

is 0.86. The resultant duty cycle is shown in Figure 47.
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Figure 47: Duty cycle simulation results with optimum flux control.

4.4 Improved powertrain thermal management strategy

Based on motor or inverter high temperature a derating will be applied to reduce thermal stress
in the drive. Thermal simulations are usually very long, in this case a very short simulation (5s)
has been carried out to show how the algorithm should work. A hypothetical temperature profile
is set, which can be seen in Figure 48. The applied speed profile is shown in Figure 49, which is
the same as the one applied in the other analysed control strategies.
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Figure 48: Applied temperature profile in the thermal management strategy control.
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Figure 49: Applied speed profile in the thermal management strategy control.

When the temperature achieves 120°C a derating of 0.75 is applied. The derating factor shown in
Figure 50 is applied in function of the temperature shown in Figure 48.
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Figure 50: Applied derating factor for the thermal management strategy control.

In Figure 51, the reference and the measured iy, currents are shown. The yellow and the blue
lines are the current references without the thermal management strategy control. It can be seen
how the derating factor shown in Figure 50 is applied when the temperature value achieves 120°C.
The resultant amplitude of the stator current is shown in Figure 52. At the maximum speed a
THD; = 5.71% and an amplitude I, = 221.1A |Is obtained. With this strategy, the amplitude of
the stator current is reduced reducing the thermal stress in the drive.
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Figure 51: Currents in dq-plane for the thermal management strategy control.
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Figure 52: Amplitude of the stator current for the thermal management strategy control.

The resultant torque profile is shown in Figure 53. The blue line is the torque reference without
the thermal management strategy control. The torque has the same behaviour as the i 4, currents,
when the temperature achieves 120°C, the torque is reduced. After applying the derating due to
the surpassing of the stablished temperature threshold, a torque ripple of AT,,, = 4.82% is
obtained (t = 1.35s). At the maximum speed AT,,, = 10.81%.
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Figure 53: Resultant torque for the thermal management strategy control.

The resultant stator flux in dg- plane are shown in Figure 54 and the amplitude of the stator flux
is shown in Figure 55. As expected, the amplitude of the stator flux is reduced as the temperature
increases. In the constant torque region, the flux is reduced from A, = 143mWb to A, = 116mWhb.
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Figure 54: Stator flux in dg-plane for the thermal management strategy control.
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Figure 55: Amplitude of the stator flux for the thermal management strategy control.

Finally, the output voltages of the PI current regulators are shown in Figure 56. The amplitude of
the voltages are increased due to the reduction in the stator flux after applying the derating due
to the temperature constraint. The resultant stator voltage amplitude is shown in Figure 57. With
this control strategy, the resultant voltage amplitude stator at the maximum speed is I, = 298.9V.
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Figure 56: Voltages in dq-plane for thermal management strategy control.
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Figure 57: Amplitude of the stator voltage for the thermal management strategy control.

During the validation phase, in WP5, this improved powertrain thermal control strategy will be
tunned based on inverter and motor experimental thermal data.
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5 SIMULATIONS RESULTS: C+D+E SEGMENT MOTOR USE CASE

Even if the C+D+E segment motor design is not finished yet. Based on some preliminary design
data (see Table 6), some simulation results are shown in this chapter to prove that the same
control strategy is valid for both motors. Only the tunning of the control parameters should be
modified.

Table 6 C+D+E segment motor design parameters (at maximum saturation levels).

C+D+E HEFT motor |

Pole pair [-] 3

Ld [mH] 0.192
Lq [mH] 0.516
Rs [mQ] 36.3
Magnet flux (RMS) [mWb] 94.2

The results in the full-speed range for the C+D+E segment motor user case. In Figure 58, the
resultant torque results are shown when this control is applied. The shift between the constant

torque region and the constant power region happens at N, = 5357.1rpm and t = 1.22s. At
this speed a torque value of 340Nm is achieved whereas at the maximum speed T,,,, = 127Nm.
The applied speed profile is shown in Figure 59, where the maximum speed is achieved at t =
4.49s.
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Figure 58: Resultant torque profile for Motor Segment C-D-E.
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Figure 59: Applied speed profile for Motor Segment C-D-E.

In Figure 60 the current references in dg coordinates and their respective measured feedback
signals are shown. The PI current regulators, control correctly the currents when the optimum flux
weakening region since the feedback signals track the calculated current references. After the
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flux weakening region is reached, the i; current is increased until —474.64A. The resultant
amplitude of the stator current is shown in Figure 61.
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Figure 60: Reference and measured currents in dq plane for Motor Segment C-D-E.
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Figure 61: Amplitude of the stator current for Motor Segment C-D-E.

Five periods of the phase currents in abc plane are shown in Figure 62 and Figure 63 for constant
torque region and flux-weakening region, respectively. In the constant torque region, THD; =
1.03% is achieved whereas in the flux weakening region, THD; = 1.45% is achieved.
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Figure 62: Phase current zoom in the torque constant region for Motor Segment C-D-E.
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Figure 63: Phase current zoom in the flux-weakening region for Motor Segment C-D-E.

The resultant stator flux in dg planes are shown in Figure 64. In the constant torque region, the
achieved stator flux values are 1; = 37.9mWb and 4, = 209.08mWb. On the other hand, in the
flux-weakening region, the achieved stator flux values are 1; = 2.76mWb and 4, = 74.58. In
Figure 65, the amplitude of the stator flux is shown. In the constant torque region, a maximum
stator flux A, = 212.63mWb whereas in the flux weakening region, the minimum achieved stator
flux is g = 58.4mWhb.
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Figure 64: Stator flux in dq coordinates for Motor Segment C-D-E.
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Figure 65: Stator flux amplitude for Motor Segment C-D-E.

The output of the PI current regulators is the v, voltages, which are shown in Figure 66. The

resultant voltage amplitude is shown in Figure 67. As shown in this figure, the maximum voltage
value is achieved at t = 1.22s, which correspond to the shift from constant torque region to the
flux weakening region.
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Figure 66: Stator voltage in dq coordinates for Motor Segment C-D-E.
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Figure 67: Stator voltage amplitudes for Motor Segment C-D-E.
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6 DELIVERY DEVIATIONS FROM THE INITIAL PLANNING

There has been a delay in the delivery of D3.2. Improved SiC-based high voltage drive control.
Contractual delivery: 2024-05-31
Deliverable Date: 2024-07-04

This delay is due to a delay during C+D+E segment motor design. Some preliminary parameters
were needed to carry out the tunning of the control strategy.

Administrative deviations:

First full version of this document (v1.0) has been uploaded to the TEAMS platform at the mid of
February. Then, the document was shared between all WP3 partners to collect their comments
and correction. After that, a new version was shared again to be reviewed by the coordinator.

Delay effect on overall project planning: This report is only related to WP3 and it does not have
any impact in Task 3.3 which is running. So, it does not generate any delay in the project.
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7 CONCLUSIONS

In this deliverable the work carried out in Task 3.2 of HEFT project has been summarized. The
objective of this task was to improve SiC-based drive control to reduce powertrain losses and
improve EV range. For that, firstly the IPMSM vector control has been explained. After that, online
variable switching frequency control strategy to optimize drive operation has been implemented.
Then, optimal flux operation point algorithm has been developed to increase motor efficiency.
Finally, powertrain thermal management strategy has been developed.

All these control aspects will be used in both A+B segment motor and C+D+E segment motor, as
control strategy is the same for both motors that will be designed in HEFT project (only some
parameters’ tunning need to be modified). Therefore, as use case, A+B segment motor has been
selected, because this motor has already been designed. However, some preliminary results
regarding C+D+E segment motor are also shown in this deliverable (this motor is still under
development) to show that the proposed control strategy is valid for any IPMSM.

During the validation phase, in WP5, the improved powertrain thermal control strategy will be
tunned based on inverter and motor experimental thermal data.
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