Electric Vehicle
Powertrain Simulation
SaberRD Design Example

Synopsys Inc. | 700 East Middlefield Road, Mountain View, CA 94043 | www.synopsys.com

SaberRD Design Example

Electric Vehicle Powertrain Simulation

Contents
Introduction ................................................................................................................................ 2
PMSM Model .......................................................................................................................... 4
Field Oriented Control ............................................................................................................ 6
Battery Model ........................................................................................................................10
Abstraction Levels .....................................................................................................................13
Abstraction Level 1 ................................................................................................................14
Running the Experiments: ..................................................................................................15
Abstraction Level 2 ................................................................................................................19
Running the Experiments: ..................................................................................................20
Abstraction Level 3 ................................................................................................................26
Running the Experiments: ..................................................................................................27
Abstraction Level 4 ................................................................................................................29
Running the Experiments: ..................................................................................................31
Inverter Leg Test Bench ........................................................................................................33
Running the Experiments: ..................................................................................................34
Summary ...............................................................................................................................39
References ............................................................................................................................40

1|Page

SaberRD Design Example

Electric Vehicle Powertrain Simulation

Electric Vehicle Powertrain Simulation with
Detailed JMAG Motor Model
Introduction
This document presents techniques to effectively simulate the powertrain of an electric car at
different levels of abstraction, with simulation goals ranging from global efficiency and thermal
analysis over hours of driving cycles, down to the nanosecond details of the inverter switching
characteristics and losses. Such techniques can be leveraged to optimize motor and inverter
controls, to verify power quality (THD and losses), and to simulate faults.
The powertrain circuit shown in Figure 1 is loosely modeled after a market available electric
vehicle. Its components have been characterized based on either published or assumed
data (summarized in Table 1).
Table 1: EV powertrain specifications.

Central to this powertrain design, a high fidelity PMSM motor model produced with the JMAG
FEA solver includes spatial harmonics, flux saturation and frequency dependent iron losses. The
motor is fed current by a 3-phase Voltage Source Inverter (VSI) controlled by an FOC algorithm
implementing Maximum Torque per Amp (MTPA) and Flux Weakening strategies, and using
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the interceptive sinusoidal PWM method. The dc link voltage (365V) is realized by two Li-ion
batteries in parallel, each having 96 cells in series.

Figure 1: Electric vehicle powertrain schematic (abstraction level 3).

The motor shaft is connected to a single ratio gearbox (7.94), itself connected to a simplified car
dynamics model accounting for the force of gravity on a sloped terrain, as well as for the rolling
and aerodynamic forces (Figure 2).

Figure 2: Simplified vehicle dynamics model.

The next section of the document gives the details of the JMAG PMSM model, followed by a
section describing the FOC control. The battery model and SaberRD Battery Tool are discussed
next. The four levels of abstraction available for the powertrain design are then presented.
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PMSM Model
The PMSM model used in this design is characterized with the JMAG™ Finite Element Analysis
(FEA) tool. The JMAG-RT module generates compact PMSM models for Hardware-In-TheLoop (HIL) and circuit simulation by expressing the non-linear behavior of the motor in terms of
flux saturation, torque spatial harmonics, frequency dependent iron losses, saliency between
direct and quadrature axes, etc. All these aspects are modeled by means of three look-up table
surfaces obtained from JMAG and stored in a JMAG-RT data file (of extension .rtt):
1. Flux as a function of rotor angle, current amplitude and current angle (Figure 4)
2. Torque as a function of rotor angle, current amplitude and current angle (Figure 5)
3. Iron losses (the combination of eddy current and hysteresis losses) as a function of rotor
speed, current amplitude and current angle (figure 6). Note that the iron loss table is optional
in the rtt file. If not included, a less detailed representation of the frequency dependent iron
losses is based on a parallel resistance (model argument rp).
The conventions for the angles shown in Figure 4 to Figure 6 are illustrated in Figure 3. The rotor
angle is in electrical degrees.
Several Saber models of PMSM (at different abstraction levels) consume the JMAG-RT look-up
table data:
1. jmag_pmsm.sin (and related dynamic thermal jmag_pmsmx.sin) has 3 electrical
connections, one for each phase. The full spatial harmonic details produced by JMAG are
exploited without any reduction of table dimension.
2. jmag_pmsm_dq.sin (and related dynamic thermal jmag_pmsm_dqx.sin) operates in
the dq reference frame, with only two electrical connections. This higher level of abstraction
does not retain the spatial harmonics, but still accounts for the flux saturation of Ld(id) and
Lq(iq), and the full iron loss table. The torque is calculated analytically (eq.3) instead of being
based on a look-up table.

(a)

(b)

Figure 3: Angle conventions for flux and torque tables (a), for iron loss table (b)
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(a)

(b)

Figure 4:Flux as a function of rotor angle and current amplitude with current angle set to 0 (a), as a function of current
amplitude and angle with rotor angle set to 0 (b)

(a)

(b)

Figure 5:Torque as a function of current angle and amplitude with rotor angle set to 0 (a), as a function of rotor angle
and current with current angle set to 0 (b)

(a)

(b)

Figure 6:Iron losses as a function of current angle and amplitude with speed set to 10,000 rpm (a), as a function of
current angle and speed with current amplitude set to 390 Amp (b)
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The characteristics of the 8-pole motor used in this design are shown in Figure 7 (from the
JMAG web site).

Figure 7: PMSM motor specifications.

A model similar to jmag_pmsm.sin exists for FEA data produced with the ANSYS Maxwell
software. Look for maxwell_pmsm.sin in the SaberRD model library.

Field Oriented Control
This section describes how Field Oriented Control (FOC) works. As a starting point, the
classic LdLq PMSM model is assumed:

𝑉𝑞 = 𝑅 ∙ 𝑖𝑞 + 𝐿𝑞 ∙
𝑉𝑑 = 𝑅 ∙ 𝑖𝑑 + 𝐿𝑑 ∙
3

𝑑𝑖𝑞
𝑑𝑡
𝑑𝑖𝑑
𝑑𝑡

+ 𝜔𝑒 ∙ (𝐿𝑑 ∙ 𝑖𝑑 + 𝜑𝑚 )

(eq. 1)

− 𝜔𝑒 ∙ 𝐿𝑞 ∙ 𝑖𝑞

(eq. 2)

𝑇 = 4 𝑝 ∙ (𝜑𝑚 + (𝐿𝑑 − 𝐿𝑞 ) ∙ 𝑖𝑑 ) ∙ 𝑖𝑞

(eq. 3)
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where
R is the series resistance of each phase winding (unit: Ohm)
Ld and Lq the inductances in the direct and quadrature directions (unit: Henry)
φm the maximum flux linkage due to the permanent magnet when phase and
magnet are aligned (unit: Weber)
ωe the electrical speed (unit: rad/s)
In steady state regime and assuming negligible winding resistances, the model becomes:

𝑉𝑞 = 𝜔𝑒 ∙ (𝐿𝑑 ∙ 𝑖𝑑 + 𝜑𝑚 )

(eq. 4)

𝑉𝑑 = −𝜔𝑒 ∙ 𝐿𝑞 ∙ 𝑖𝑞

(eq. 5)

3

𝑇 = 4 𝑝 ∙ (𝜑𝑚 + (𝐿𝑑 − 𝐿𝑞 ) ∙ 𝑖𝑑 ) ∙ 𝑖𝑞

(eq. 6)

The FOC schematic in powertrain1 (Figure 8) implements these equations. At this
abstraction level, all control signals are continuous and defined in the dq reference frame.
The same schematic is used in powertrain2, where it is sandwiched between Park and
inverse Park transformations to transition between abc and dq reference frames. In
powertrain3 and powertrain4, the FOC algorithm is implemented in MAST and in C, with
the difference that all signals are sampled, bringing the control closer to a real MCU
implementation.
At the core of the FOC algorithm, the voltages vd and vq are synthesized with the goal of
reducing the error between measured and requested values of id and iq. It can be seen
from figure 8 that the signals vd and vq are produced using feed-forward compensation
based on eq.4 and eq.5, while the torque estimate is based on eq.6. The regulation of id
and iq is done with two anti-windup PI controllers of fast time constant (1ms). This regulation
also compensates for any error related to Ld and Lq (assumed constant in eq.4 and eq.5
while in reality the inductances vary with flux saturation).
The requested currents id* and iq* are themselves derived from a demand for either speed
or torque. This choice is a user setting (ctrl property). In this design, speed control is used
so the ref signal represents a speed demand. If torque control was to be chosen, the
amplitude of the reference signal would need to be in the range between -200 and 200
N.m.
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Figure 8: FOC Schematic.

Anti-windup PI controllers regulate the amplitude i_ref of the dq current space vector to
either match the demand for speed or torque (ref). The total current demand i_ref is then
decomposed along the d and q axes as to Maximize Torque Per Ampere (MTPA) according
to the derivation below:

{

𝑖 ∗2 = 𝑖𝑑∗2 + 𝑖𝑞∗2
𝜕𝑇
𝜕𝑖 ∗

=0

𝑖∗
⇒{ 𝑑

=

2 +8(𝐿 −𝐿 )2 𝑖 ∗2
𝜑𝑚 −√𝜑𝑚
𝑞
𝑑

4(𝐿𝑞 −𝐿𝑑 )

𝑖𝑞∗ = 𝑠𝑔𝑛(𝑖 ∗ )√𝑖 ∗2 − 𝑖𝑑∗2

(eq. 7)
(eq. 8)

MTPA is followed by a Flux Weakening block that corrects the id and iq signals when speed
rises and the motor back-EMF reaches the dc link voltage. Flux weakening aims at
increasing the negative component of id to “weaken” the magnet flux in order to reduce vq
(component of the back-EMF in the quadrature direction).
As shown in Figure 9, the intersection between the current limit circle and the voltage limit
ellipse defines the allowed locus (in green) satisfying both maximum motor current
specification and battery voltage limit. Note that the ellipse shrinks as the frequency
increases (toward the theoretical point of infinite speed -φm/Ld).
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Figure 9: Geometric interpretation of flux weakening

Figure 10: Flux weakening implementation.

The flux weakening implementation in this powertrain design is shown in Figure 10 and is
more amply described in publications referenced at the end of this document. The basic
idea is to regulate the angle of the current vector with respect to the negative d direction
as to keep the difference between the measured dc link voltage and the back-EMF of the
motor as close to zero as possible. The back-EMF voltage is assessed from the vd and vq
control signals. When the difference increases (i.e. the motor tends to exceed the dc link),
the current vector is bent in the direction of negative d (while keeping the amplitude of the
current vector constant to minimize impact on torque). Further alignment in the negative d
direction has the effect of decreasing vq, and clamping the amplitude of the motor backEMF to the dc link. This regulation is achieved with an anti-windup PI control of the angle
correction factor βc.
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Battery Model
The Lithium-ion battery model is an equivalent circuit model type, offering a high-level
physical description, but can with high accuracy, embrace various electrochemical
behaviors. Moreover because of its much smaller computational overhead, it can be used
in complete vehicle simulations, and cover a wide range of comprehensive applications,
for example, battery pack design, with inclusion of temperature effects, aging, and so on.,
However like any battery model, it does require measurement data to permit
characterization and verification. The model however, does not require any specialized
measurements beyond what is available in the typical datasheet, or obtained by request
from a manufacturer. It was designed to be characterized from basic battery specifications,
and the model can be easily configured to conservatively estimate temperature effects
even in absence of this information. The features and limitations of the Synopsys’ Saber
battery model are listed below.
Features
 Specify as a single cell, module, or pack in any series/parallel topology
 Intrinsic distinct discharge / charge modes
 Faster performance and appropriate for small-to-large system battery energy
performance studies
 Open-Circuit Voltage (OCV) vs. SOC behavior flexible/easy to characterize
 Static thermal (temperature) effects
 Aging effects
 Interconnect resistive loss (auto inserted when number of series cells > 1)
 Includes non-linear electrochemical kinetic effects reserved for detailed models
 Robustness
 Overcharge consideration*
o Excess charging current shunted as outgassing current: Does not
contribute to temperature
Limitations
 Dynamic temperature (self-heating) effects *
 Aging considerations simplified

Selecting the Leaf battery pack symbol will display the Properties menu for the model in
the right panel. The properties for the battery pack topology are shown in Figure 11.
Observe the number of cells in series, ns_cell, is 96, and number of cells in parallel,
np_cell, is 2. This topology is consistent with actual Leaf pack manufacturer for Nissan
by AESC (Automotive Energy Supply Corporation). The initial SOC, soc0, of all the cells
in the pack is 100%, and an aging scale factor, age_sf, is set to “1”, indicating the cells
are all 100%, meaning a new battery. The aging scale factor term may be set as low as
50%, implying 50% loss of capacity and corresponding increase in internal bulk resistance
of the cell. Additionally, there is an internal resistive loss parameter, intcloss, which
represents the ohmic loss of a busbar, usually welded between adjacent cells in the
assembly of overall pack topology. While small, it’s contribution can be observed
dependent of scope of battery pack size.
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Figure 11: Battery Pack Model Properties and Tool Launch.

The parameter labeled tool will invoke the Battery Tool, which will appear and automatically
load all the characteristics of this Leaf battery from a resident file,
leaf_pack.ai_battery. Figure 12 shows the tool and the AESC 32.5 Ah cell exercised
in six industry standard performance tests. The tests span nominal temperature with
respect to C-Rate range or current discharge/charge loads, to a specified C-Rate with
respect to range to temperatures. For more details about usage of the Battery Tool, the
underlying model, parameters, test circuits, etc., the tool documentation is available by
selecting the Help button in the upper right corner.

Figure 12: Battery Tool Layout.
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The tool illustrates the characteristics for any given cell as the default, as this is generally
the device which performance data is available, and it conforms to standard constant
charge and discharge performance information offered by manufacturers. The discharge
and charge pulsetrain tests observed on the right of tool permits the user to perform
verification tests against symmetrical drive cycles for any initial SOC, temperature, and
current load.
The user may view the data available from the AESC website for the cell used in the Leaf
pack by choosing it from the tool library, select the Open datasheet check button in the
form.

Figure 13:Battery Tool Library.

The Battery Topology Panel in the tool, see Figure 12, permits the type of battery model
that the tool will generate when the model is saved. These options are described below.
The distributed pack option is not meant to be complete, but offer a working full module or
pack prototype whose composition is the cell of interest. Once the cell is compliant with
expectations in the tool, the battery pack designer can leverage the tool to generate
modules or overall pack as needed. Salient details of the BMS or other features can be
introduced per their discretion. Because the distributed pack can be quite large, it is
recommended to only introduce this in high-level design implementation (e.g. Powertrain1),
or in a design that is to be investigated in specific regions of performance.
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Table 2: Battery Type Options.
Battery topology

Description

cell

Single battery unit cell. Fundamental component unit for which datasheet and/or
measurement data is available. This is the default and should be characterized
first.

Scaled Pack

Scaled module/pack corresponds to a scaled cell which maintains small footprint
of a single cell model but the internal Open-Circuit Voltage (OCV) function, kinetic
resistances, capacitances, etc. have been internally scaled so mirrors ideal
battery pack of user specified (n x m) topology. Interconnect terminal-to-terminal
resistance loss is included. In this scenario when one specifies age, temperature,
and SOC(initial), it applies to the entire pack universally. This form is useful for
overall system performance studies, sizing the battery pack versus the system of
interest (e.g. EV application) and ideal for system design engineers.

Distributed Pack

Distributed module/pack in true (n x m) form. All cells are arranged in the user
specified topology. This is accompanied with a passive Battery Management
System (BMS) balancing scheme. Terminal-2-terminal resistances are explicitly
included. This form has much larger simulation overhead, but allows the user to
specify variation profiles across the pack regarding age, temperature, and
SOC(initial). It permits detailed fault analyses within the pack (e.g. hard and soft
shorts, opens). This form permits further exploratory battery pack options for
system designers, battery pack design engineers and manufacturers. Various
schemes can be explored for cell-2-cell balancing, charging/discharging control
schemes, failsafe modes, etc.

Abstraction Levels
This EV powertrain design example comes with 4 levels of abstraction, each allowing
specific behaviors of the powertrain to be analyzed most effectively. The different
abstraction levels are conveniently navigated through by clicking the properties
powertrain1 to powertrain4 on the navigation symbol (Figure 14).

Figure 14: Clickable navigation links.
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Abstraction Level 1
The first level of abstraction (powertrain1) provides maximum simulation speed, allowing
driving cycles to be simulated over long periods of time. The New European Driving Cycle
(NEDC) shown in Figure 15 is used for testing.

Figure 15: New European Drive Cycle [1]

This profile is repeated until battery exhaustion as shown in Figure 18. The equivalent of 7
hours of driving is simulated in about 60 seconds. The fast simulation speed is obtained
with dq models for both the motor and the inverter. The dq models (also known as
fundamental frequency models) abstract both the high frequency switching nature of the
voltages and the sinusoidal nature of the currents by using averaging techniques and
retaining only phase and amplitude information. This level of abstraction is well suited to
study thermal effects that develop over long periods of time. Contributing to temperature
rises and affecting the distance the car can go between recharges, the losses in the inverter
and the motor are accurately accounted for in look-up tables. These tables are derived
from the datasheets of an Infineon IGBT module or from the motor FEA results shown in
Figure 6.
The losses in the motor and the inverter are frequency dependent (the frequency being the
switching frequency for the inverter and rotor speed for the motor). The inverter losses are
temperature dependent, ensuring full electro-thermal coupling. However, temperature
dependency does not exist in the motor model at this point.
The heat flows generated by the inverter and motor feed a simplified thermal network
connected to a 20°C ambient temperature source. The temperature of the battery pack

14 | P a g e

SaberRD Design Example

Electric Vehicle Powertrain Simulation

was also set to 20°C ambient under global variables. Figure 18 shows realistic speed,
range / distance, and battery voltage waveforms over repeated driving cycles. The
simulation predicts a range of 225 km for the NEDC while the manufacturer reports a range
of 200 km. One possibility for the slightly optimistic prediction is that braking in the
simulation model is 100% regenerative, with no dissipative component. One can also add
the weight of the driver, passengers, and cargo to the total vehicle, and observe impact on
the range. This illustrates the simulation model, or virtual prototype of an HEV powertrain
system can be closely predictive of actual performance.

Running the Experiments:
This design has two experiments to verify the operation of the EV Powertrain using NEDC
drive cycle.

Experiment 1.1: Analyze System Performance
The Analyze_system_performance experiment runs transient simulation for a driving
time of 7 hours. A snapshot of the experiment is shown in Figure 16.

Figure 16: Experiment for Testing NEDC Drive Cycle

To run the experiment, go to Simulate Tab and select Experiment from the analysis drop
down list. Select Analyze_system_performance experiment and click the GO button.
Once the progress bar shows 100%, Experiment Report with all the logged measurements
and two graphs are displayed in the Results Pane.
Before analyzing the results, it should be noted from the Simulator transcript shown in
Figure 17 that the simulation did not complete to 100%.
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Figure 17: Simulator Transcript Showing interruption at 99% at Battery Cut-Off Voltage.

This is because the battery voltage dropped below the minimum discharge voltage before
simulation end time. The minimum discharge voltage per cell is mentioned in Figure 12 as
2.5V. So, with 96 cells in series, the minimum discharge voltage of the battery pack is
240V. When the battery voltage goes below 240V, the battery will be cut off and the vehicle
cannot move any further. This function is included in the Battery model that the simulation
stops once the minimum discharge voltage is crossed and the results are displayed.

Review of results:
1) Vehicle_Performance – Double click on this graph to plot the waveforms. The vel_kmh
curve represents the drive cycle which is a repetition of the NEDC till simulation ends.
The total distance travelled before the battery reaches the cut-off voltage is the range
and in this case, it is ~225 Km as shown in Figure 18.

Range = 225 Km

25 CPU Sec = ~7 Driving Hours

Figure 18: Drive Range and Time testing using NEDC

2) Motor_and_inverter_Efficiency: A 79% average efficiency for the inverter and 85% for
the motor are measured as shown in Figure 19.
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Figure 19: Motor and Inverter Efficiency with NEDC

3) Experiment Report: As shown in Figure 20 the experiment report displays the
measured values of range and driving time seen in Figure 18. The values inverter and
motor efficiency seen in Figure 19 are also displayed in the report.

Figure 20: Experiment Report for Level 1 Design.

Experiment 1.2: Performance with Aging

The level-1 Powertrain example has another experiment (performance_with_aging)
available to sweep the battery pack temperature and age profile against the rest of the
system. This provides a what-if investigation of battery impact upon system performance
versus nominal, but also high to low extremes of both age and temperature. The
experiment is shown in Figure 21.
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Figure 21: Battery pack temperature aging sweep experiment (abstraction level 1).

To run the experiment, go to Simulate Tab and select Experiment from the analysis drop
down list. Select performance_with_aging experiment and click the GO button. Once
the progress bar shows 100%, two graphs are displayed in the Results Pane.

Review of results:
1) Battery_Performance: The battery age is swept from 100% (new battery), 90%, 80%,
and 70%. Figure 22 shows the variances of battery performance with respect to age
and temperature. For example, at hot and nominal temperatures, 50 °C and 25 °C the
pack can discharge completely to full depletion, as SOC reaches zero. However, as
the pack temperature drops to 0 °C and -20 °C, much less of battery capacity can be
utilized.

Age = 100% Temp = 50 OC
Age = 70% Temp = -20
OC

Figure 22: Battery pack performance simulation results (abstraction level 1).
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2) Vehicle_Performance: Figure 23 illustrates a vehicle range performance summary of
battery pack age and temperature for the given New European Drive Cycle.

Figure 23: Vehicle performance simulation results (abstraction level 1).

Observe when the pack has aged by 10%, so resides around 90% of its original capacity,
the range drops from 175 Km at nominal temperature of 25 °C to about 75 Km when the
pack experiences artic temperatures of -20 °C. Such studies can be enormously beneficial
for efficiently verifying general performance, as the virtual prototype serves as executable
functional spec.

Abstraction Level 2
At the second level of abstraction (powertrain2), a non-switching 3-phase inverter is used
(vsi_abc), producing sinusoidal voltages at the synchronous frequency instead of the dc
voltages in the dq reference frame of level 1.

Figure 24: Schematic of Powertrain2 Design.

19 | P a g e

SaberRD Design Example

Electric Vehicle Powertrain Simulation

The simulation is not as fast as in level 1 because the repetitive sinusoidal component is not
abstracted, but it is significantly faster than in level 3 where the voltages are discontinuous and
pulse width modulated. Level 2 offers a compromise between speed and accuracy appropriate
to study the electro-mechanical dynamics of the motor drive. It allows the observation of the
torque ripples caused by the spatial harmonics of the motor.

Running the Experiments:
This design has four experiments to verify the operation of the EV Powertrain when the
vehicle accelerates in flat and sloped terrains.

Experiment 2.1: Acceleration Flat Terrain
The Acceleration_Flat_Terrain experiment runs a transient and the waveforms of
the speed and currents are verified. The experiment is shown in Figure 25.

Figure 25: Experiment to Simulate Acceleration on Flat Terrain.

To run the experiment, go to Simulate Tab and select Experiment from the analysis drop
down list. Select Acceleration_Flat_Terrain experiment and click the GO button.
Once the progress bar shows 100%, one graph is displayed in the Results Pane.

Review of results:
Double click on the flat_terrain_startup graph and the curves shown in Figure 26
are displayed.
The terrain is defined by the “terrain” property in the load_veh_dyn model. In this
case, this property is assigned 0 value at all times representing a flat terrain. The input
speed is increased linearly to simulation acceleration and the motor is controlled to meet
the increasing input speed by the Field Oriented Control method explained in the earlier
sections. As expected, the frequency of the phase currents is proportional to the vehicle
speed and the id component of the current vector is negative, conforming to the MTPA
formulae.
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Figure 26: Acceleration on flat terrain.

Experiment 2.2: Torque Study
Experiment Torque_study is available in the example which is used to show the details
of the torque waveform when the accuracy of the motor model is changed. There are two
accuracy models available in the JMAG motor model namely, sh (Spacial Harmonic) and
ldlq model. The JMAG model accepts strings “sh” or “ldlq” for the accuracy property. The
JMAG model is wrapped in a MAST template to pass integer values for selecting the
accuracy. Figure 27 shows the experiment.

Figure 27: Experiment to Study Torque Output.

To run the experiment, go to Simulate Tab and select Experiment from the analysis drop
down list. Select Torque_study experiment and click the GO button. Once the progress
bar shows 100%, one graph is displayed in the Results Pane.

Review of results:
Double click on the torque_study graph and the curves shown in Figure 28 are
displayed. This graph shows the detail of the torque waveform obtained with different
motor model variants.
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Figure 28: Detail of torque waveform.

Experiment 2.3: Flux Weakening
The third experiment in this level (level – 2) is Flux_weakening. This experiment is aimed
at analyzing the performance of the Flux Weakening (FW) and MTPA control. The
experiment is as shown in Figure 29.

Figure 29: Experiment to Simulate FW and MTPA Control.

To run the experiment, go to Simulate Tab and select Experiment from the analysis drop
down list. Select Flux_weakening experiment and click the GO button. Once the
progress bar shows 100%, one graph is displayed in the Results Pane.

Review of results:
Double click on the flux_weakening graph and the curves shown in Figure 30 are
displayed.
This graph shows that the back-EMF developed by the motor gets clamped to the battery
voltage around time = 5 sec. Beyond this point, the motor is operated in flux weakening
mode, allowing the speed to be further increased, but with a growing mismatch between
demanded and achieved speeds. The simulation also shows that the motor currents get

22 | P a g e

SaberRD Design Example

Electric Vehicle Powertrain Simulation

properly clamped after reaching their maximum rating set to 300A. The current clamping
is accomplished by the MTPA block (imax parameter).

FW Voltage Limit

MTPA Current Limit

Figure 30: Flux weakening and MTPA Control.

Experiment 2.4: Performance on Sloped Terrain
The first three experiments demonstrated the performance of the EV powertrain system on
a flat terrain. This experiment is included to evaluate the performance on a sloped terrain.
Figure 31 is snapshot of the experiment. This experiment verifies the behavior by changing
the terrain property of the load_veh_dyn symbol to the following profile: [(0, 0), (1,
0), (10, -5)]. As seen in the experiment, the value of slope (Design variable) is changed
to -5.

Figure 31: Experiment to Verify System Operation in Sloped Terrain.

This slope variable is passed to the terrain property at time = 10. This can be observed
in the Figure 32.
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Figure 32: Slope Variable Assignment in load_veh_dyn1 Model.

To run the experiment, go to Simulate Tab and select Experiment from the analysis drop
down list. Select Sloped_Terrain_Study experiment and click the GO button. Once
the progress bar shows 100%, two graphs are displayed in the Results Pane.

Review of results:
The slope_terrain_speed graph is shown in Figure 33. On the downhill segment, the
car velocity exceeds the demanded speed: the motor develops a negative torque, acting
momentarily as a generator. So, the mechanical energy is converted to electrical energy
and fed back to the battery. The sloped_terrain graph gives more information about
this.
Figure 34 shows the motor torque, the three phase currents and the d and q axis
components of the current. At the point when the speed goes beyond the commanded
speed, the motor torque goes negative and the energy flows back into the battery, following
a transformation from potential to kinetic, magnetic, electrical and finally chemical form.
This is called the regenerative action and shown on the figure. Inversion of the phase
currents is observed when the torque crosses zero.
It is worth pointing out that the initial position of the car (x=0) must present no slope (the y
values of the first two points in the terrain property of the vehicle dynamics symbol are
equal). This is necessary in order to obtain a dc operating point solution. Since the motor
is started with no speed and therefore no torque demand, the balance of the forces acting
upon the car at rest can only be realized in the absence of the force of gravity (slope = 0).
If you modify the terrain, make sure that it is flat at x=0.

24 | P a g e

SaberRD Design Example

Electric Vehicle Powertrain Simulation

Figure 33: Speed response on sloped terrain.

Figure 34: Torque and current responses on sloped terrain.
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Abstraction Level 3
The third level of abstraction (powertrain3) exposes the PWM operation of the inverter,
resulting in slower simulations. Yet the idealized switch and diode models used at this level
(sw1_l4.sin and pwld.sin) simulate more than one order of magnitude faster than the
detailed semiconductor models of level 4. A snapshot of the schematic used in level 3 is
shown in Figure 1.
The control is implemented in a MAST template (foc_pmsm.sin), with sampled input
signals instead of continuous signals in the previous levels. Also, instead of outputting duty
cycles, this implementation produces the times at which the inverter switching events need
to be fired, making it closer to a real MCU. Despite this, most control operations are the
same as in level 2, including Park and inverse Park transformations, MTPA, Flux
Weakening, PI integration and duty cycle calculations. The communication scheme
between control and plant is illustrated in Figure 35.
By default, sampling and switching frequencies are respectively 30 kHz and 5 kHz (the
communication frequency between control and plant). Every 200us, sampled signals from
the plant are passed to the control to calculate the switching instants in the next switching
cycle (an unavoidable latency of one period exists in the response of the control to the
plant).
Instead of directly triggering the switching events through asynchronous interrupts, the
control passes twelve switching times to the plant at the beginning of every switching period
(a turn-on and a turn-off time for each of the six switches). The switching events are then
immediately scheduled in the simulator event queue (negative time values indicate no
active control). The fixed and relatively large time intervals used in this communication
scheme (200us) significantly improve co-simulation performance when the control is run
externally in a FPGA emulator, in Virtualizer or in Simulink. It allows switching events to be
fired within time intervals as small as desired without any co-simulation performance
penalty.
If the control is not run externally through co-simulation (as it is the case in the installed
levels 3 and 4), the sampling frequency at which the plant signals are received and
processed by the control can be set higher than the switching frequency. A higher sampling
frequency typically allows noise reduction in the plant signals using a filter, such as a
Kalman filter. The switching and sampling frequencies are arguments of the control model
(f_sampling and f_switching).
The switching instants are primarily based on the duty cycles, themselves based on the
ratio of the voltages to synthesize over the dc link voltage. This calculation also accounts
for a user specified dead time. Dead time is a small interval inserted between the turning
off and the turning on of two complementary IGBT’s to prevent simultaneous conduction
and a possibly catastrophic short circuit through an inverter leg. Dead time typically ranges
between 1us and 5us.
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Figure 35: Communication scheme between plant and control in levels 3 and 4.

Running the Experiments:
This design has an experiment to verify the current control algorithm that compensates for
the dead time between switches and maintains a smooth AC current waveform

Experiment 3.1: Phase Current Study
The Ph_current_study experiment available in level 3 simulates the design for different
i_margin levels which influences the correction for dead time distortion. The value of
i_margin is changed to verify the effect. A snapshot of the experiment where a transient
simulation is run with default value of i_margin = 10 and then an alter command changes
its value to i_margin = 1 to run another transient run with the changed parameter value,
is shown in Figure 36.

Figure 36: Experiment for Phase Current Study.
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To run the experiment, go to Simulate Tab and select Experiment from the analysis drop
down list. Select Ph_current_study experiment and click the GO button. Once the
progress bar shows 100%, one graph is displayed in the Results Pane.

Review of results:
Double click on the a_phase_current graph and the curves shown in Figure 37 are
displayed. The waveform is zoomed in near the zero crossing to examine the impact of the
i_margin variation.

Figure 37: Corrected and uncorrected dead-time distortion.

As shown in Figure 37, if not properly compensated, the dead time causes a distortion in
the current waveforms particularly noticeable when a phase current crosses zero (which
occurs six times per synchronous period). The distortion leads to increased THD levels
and iron losses in the motor. Its effect worsens at high PWM frequencies where the dead
time (that is fixed and depends on the intrinsic IGBT switching speed) represents a larger
portion of the switching period. The effect of dead time is also prominent at low
synchronous speed.
Dead time distortion is corrected by adjusting the switching instants based on the polarity
of the currents. When same leg IGBT’s are both turned off, the inductive current of the
associated phase either flows through the upper free-wheeling diode (if the current is
entering the leg) or through the lower free-wheeling diode (if the current is leaving the leg).
Since the polarity of the leg current is known ahead of time, one can predict whether the
effective phase voltage will go to zero or to the dc link voltage, contributing to an effective
increase or decrease in duty cycle.
It is worth noting that the control is only concerned about dead time when both switches on
the same leg are actively controlled, which only happens when the leg current nears zero.
Above and below a certain safety margin (defined by the FOC parameter i_margin), only
one switch in the pair is actively controlled (the upper switch if the leg current is leaving the
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inverter, the lower switch otherwise). The inactive switch is maintained off, its anti-parallel
freewheeling diode handling the current when the controlled switch is off.

Abstraction Level 4
The fourth level of abstraction (powertrain4) provides the highest level of details on the
inverter, but at the expense of simulation speed: this level simulates 20 times slower than
the previous level. The schematic of this design is shown in Figure 38.

Figure 38: Powertrain4 Schematic and IGBT Inverter under the Hierarchy.
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The inverter characterization is done with the IGBT tool based on an Infineon datasheet
(included with the design example installation). The different aspects of this
characterization can be retraced in the tool by opening the hierarchy of the inverter and
clicking the tool property of the IGBT model (including the anti-parallel freewheeling
diode).
The control in level 4 is implemented in C but is functionally equivalent to the MAST
implementation of level 3. The C code, called as a foreign routine, is available for viewing
and editing (foc_pmsm.c). The compilation and linking instructions are given below:

cl /c /LD /MD /Tc foc_pmsm.c
link /DLL /OUT:foc_pmsm.dll foc_pmsm.obj SABER_HOME/lib/libai_saber.lib SABER_HOME/lib/libai_analogy.lib

where SABER_HOME needs to be replaced with the path of your SaberRD installation.
In the design, the C code is compiled and the foreign routine is used in the FOC controller
model foc_pmsm_c.sin. This model can be reviewed by opening the file in a text editor.

Figure 39: C Foreign Routine usage in MAST Model.
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Running the Experiments:
This design has an experiment to simulate the switching voltages at the motor input and
the switching waveforms of the IGBTs. To run the experiment, go to Simulate Tab. Select
“Experiment” in the Analysis and transient_analysis experiment from the
experiments list. Click the GO Button.

Experiment 4.1: Study the switching waveforms
The transient_analysis experiment available in level 4 runs a transient analysis for
100ms and plots the voltages applied at the motor terminals and the input currents. The
plots of collector to emitter voltage, gate to emitter voltage and the collector current for one
IGBT are also plotted. The snapshot of the experiment is shown in Figure 40.

Figure 40: Experiment to Study the Switching Waveforms.

Review of results:
Upon successful completion of the experiment, two graphs are displayed in the Results
pane. Double click on the iv_graph graph and the curves shown in Figure 41 are
displayed. Zoom on the x axis to check the switching voltages va, vb and vc that are applied
to the motor. Also shown are the three phase currents. The control maintains balances
three phase supply and hence, the sum of the three phase current is zero.
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Figure 41: Motor Voltages and Currents

Another graph is available to study the device switching waveforms. The collector to emitter
voltage, gate to emitter voltage and the collector current of one of the six IGBTs can be
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plotted by double clicking on the igbt_switching graph available in the Results pane.
The Figure 42 shows the IGBT voltages and currents after zooming the x-axis.

Figure 42: Voltage and Current waveforms of one IGBT.

Inverter Leg Test Bench
A supporting test bench design “inverter_leg.ai_dsn” can be opened from
level 4 through the navigation symbol. This test bench is used to extract the
losses in an inverter leg, including:
1. Conduction losses in IGBT and diode under different temperatures
2. Switching losses under different gate drive conditions (Rgon, Rgoff, Vgon,
Vgoff, stray inductance, Vc, Ic and temperature). The switching losses are
the sum of:
a. IGBT turn-on losses
b. IGBT turn-off losses
c. Freewheeling diode reverse recovery losses
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Running the Experiments:
This design has three experiments to simulate the losses mentioned above. To
run an experiments, go to Simulate Tab. Select “Experiment” in the Analysis and
an experiment from the experiments list. Click the GO Button.

Experiment 5.1: Experiment for simulating Conduction Losses
The “Conduction Power vs Ic” experiment sweeps the device current in
positive direction while the device is ON to simulate the device conduction loss
and negative direction to compute the anti-parallel diode conduction loss. This
experiment is shown in Figure 43.

Figure 43: Conduction Loss Experiment.

Review of results:
Upon successful completion of the experiment, a graph “Conduction_Power” of
loss versus current is available in Results pane. Double click on the graph to
verify the loss curve.

Figure 44: Conduction Loss in IGBT and Anti-Parallel Diode.
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Experiment 5.2: Experiment for simulating Switching Losses w.r.t. Collector Current
The “Eon, Eoff, Erec vs Ic” experiment computes the switching energy
loss by sweeping the collector current. This is a common characteristic provided
in the datasheet. So, a comparison of the result from the simulation and the
datasheet is also shown. The experiment has several calculations and the
snapshot of the simulation is shown in Figure 45.

Figure 45: Experiment to Compute Switching Loss as a Function of Collector Current

Review of results:
Upon successful completion of the experiment, a graph “E_vs_Ic” of switching
energy loss versus current is available in Results pane. Double click on the graph
to verify the loss curve. The graph is shown in Figure 46.
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Figure 46: Switching Energy Loss w.r.t. Collector Current.

Eon and Eoff refer to the turn-on and turn off switching energy loss of the IGBT.
Erec is the ant-parallel diode reverse recovery energy loss. These curves can be
compared with the curves for IGBT and diode curves given in the datasheet. The
curves are shown in Figure 47 for easy reference.

Figure 47: IGBT and Diode Energy Loss curves w.r.t. Collector Current from Datasheet
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Experiment 5.3: Experiment for simulating Switching Losses w.r.t. Gate Resistance
The “Eon, Eoff, Erec vs Rg” experiment computes the switching energy
loss by sweeping the gate resistance. This is a common characteristic provided
in the datasheet. So, a comparison of the result from the simulation and the
datasheet is also shown. The experiment has several calculations and the
snapshot of the simulation is shown in Figure 48.

Figure 48: Experiment to Compute Switching Loss as a Function of Gate Resistance

Review of results:
Upon successful completion of the experiment, a graph “E_vs_Rg” of switching
energy loss versus gate resistnace is available in Results pane. Double click on
the graph to verify the loss curve. The graph is shown in Figure 49.
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Figure 49: Switching Energy Loss w.r.t. Gate Resistance.

Corresponding curves from datasheet are shown in Figure 50.

Figure 50: IGBT and Diode Energy Loss curves w.r.t. Gate Resistance from Datasheet
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These experiments produced the table look-up data files used in the inverter models
at abstraction levels 1 and 2:
1. swloss.ai_dat
2. condloss.ai_dat

Summary
Several modeling techniques have been demonstrated that offer simulation speed versus accuracy
tradeoffs appropriate at different stages of the motor drive design. These techniques are summarized
in Table 3.
Table 3: Abstraction level summary.



The dq models provide the highest simulation speed to effectively simulate driving cycles,
to assess overall system efficiency, to evaluate load balancing or battery management
strategies, and to analyze thermal aspects developing over long periods of time.
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An averaged PWM model of the inverter is appropriate to optimize the motor control (FOC
or DTC) and to analyze the drive dynamics, including the torque ripples and vibrations
introduced by the motor imperfections.



Ideal switch models are practical to evaluate PWM alternatives (like sinusoidal or space
vector) and fault protection strategies (fuses, redundant inverter leg, etc).



Detailed semiconductor models are necessary to evaluate inverter stresses (maximum dI/dt
and dV/dt, voltage and current spikes), to design the gate drive for optimal switching speeds
and dead times, and to size snubber elements. This level of modeling is also necessary to
generate the loss tables enabling the higher levels of abstraction.
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