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= ABSTRACT- Designing a high-power controller having high efficiency for permanent magnet motors is a challenge for
developers in recent times and very few techniques are available. Design and analysis of power electronic drive for a high-power
axial flux permanent magnet synchronous motor is presented in this paper. The motor under consideration here is having two outer
stators and single permanent magnet rotor to drive the shaft. Control schemes and methodologies are the major concentration for
research. Present paper explains a method to estimate the operational drive parameters and loss calculation according the selected
power switches. In addition to this, thermal modelling is also important for designing a controller for high power machines. The
hardware selection for high current switching operations is very critical for reliable and robust operation. Parts like IGBT module,
gate driver, DC link capacitor, snubbers, current sensor sensitivities and estimation of losses are also critical along with control logic
and processor. The importance of thermal analysis for high current switching drives is discussed and methodology for thermal
analysis of power electronic devices is explained. The current work focuses on hardware level design of high-power drive for 150kwW
axial flux PMS motor.
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Table 1. List of vital input design specifications

1. INTRODUCTION e el

In recent era, demand of high-power axial flux permanent Input voltage 360V DC minimum up to 550V OCV

magnet machine drives increased in view of industrial and Inputsource Battery

scientific applications [1]. These machines have high power Type of power devices | IGBT

density, better magnetic and electrical loading capacity, long Nature of the Load Avdal Flux PMSM Motor

life and low noise [2]. Speed of the Motor 1800 RPM per Motor at full load
Output power 163 kW

For the power electronic drive, important requirement is Output voltage 0 to 100% & 100% to 0 by space vector

component selection suitable for high current switching and variation PWM

minimizing losses. For the current application, SVPWM [3] Efficiency 96-97% _ -
Controller Strategy PMSM vector control with communication

control algorithms are implemented in the DSC and a master
processor commands the DSC. ARM CORTEX M4 based Acceleration time ?08a§e° from rest to rated 1800rpm speed on
architecture |s_adopted for the Master Processor. T_he space Rotor position sensing | 360V DC minimum up to 550V OCV
vector modulation and closed loop vector control algorithms are

implemented in the DSC. IGBTs are selected for rated current  1he estimation of operational drive parameters like winding
and voltage requirements with necessary factor of safety.  cyrrents, switching frequency and also taking current ripple into
Numerous literatures [4] are available for control logics and  4ccount. The hardware selection for high current switching
techniques Axial Flux PMS motor [S]. In view of practical  gherations is very critical for reliable and robust operation. Parts
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like IGBT module, gate driver, DC link capacitor, snubbers,
current sensor sensitivities and estimation of losses [6] are also
critical along with control logic [7-8] and processor.

After an extensive study and search for the literature in this
regard, it is observed there is a very minimal literature available
for hardware level design. So, data from different developers
and manufactures is collected and efforts put on presenting an
elaborate methodology to estimate the specifications of the
required hardware for the drive design.

“Z Table 2. List of critical derived input design parameters

Parameter Value
Input power 150kW

Input current 500A DC
Max Modulation Index 0.9 (Assumed)
Output power 158KW

IGBT Switching Frequency 10 kHz
Ambient temperature 30°C

Max allowable Heat-sink 85°C
Temperature

Max allowable junction 150°C
temperature of IGBT

Max allowable capacitor 85°C

Temperature

Table 2 shows the important parameters that are derived from
the motor to design the dive hardware. Few limitations related
to thermal management, run time error and processing speed
(Switching speed) have been eliminated with this new
methodology.

The following section explains clearly the design methodology,
selection of power circuit hardware and simulations to estimate
the functionality of the designed power electronic drive for
150kW axial flux PMS motor using simulations. Thermal
analysis is also done using lumped parameter model to ensure
safe operation at high current switching.

=: 2, DESIGN METHADOLOGYTY

Figure 1 shows the power circuit schematic for the 165kW
power electronic drive system. The total controller has inverter
to drive the 150kW axial flux PMS motor. As can be seen from
the figure, the DC battery drives the inverter. The DC voltage is
applied to the drive through a high-power contactor. The three-
phase inverter bridge of each motor are driven by respective
adapter and gate driver boards.

SWITCH

o e |
cs1
‘ m‘ (Axial Flux
: T T PMSM

CAP—~ 2

AJILLVE

GATE DRIVER
BOARD

CONTROL CARD

l Communication
. card

Figure 1: Circuit schematic of the power electronic drive
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The vector control logic is implemented in the control board
with one common digital signal controller. This processor on
the control board acts like slave and are commanded by the
master processor on the communication card. The control takes
the necessary phase current and rotor position inputs from
respective motors and with the help of vector control logic [9]
generates the PWM signals for the gates of IGBT based
inverters. The input DC link capacitors will help in maintaining
the minimum current ripples on the DC bus of the system. The
control card also implements the necessary protection logics for
the motor drives.

The 150kW axial flux motor is designed with two stator cores.
The motor will be made of two 75kW stator cores operating in
parallel and driving the same shaft. Both the stator cores are
similar to each other. Table 3 shows the parameters required to
design a drive for 150kW motor.

‘% Table 3. List of important motor parameters

Parameter Value
Motor shaft power 150KW

Motor Terminal RMS line 228V

voltage

Motor rated speed 1800 RPM

No. of poles 22

Frequency 330Hz
Inductance/phase 0.126 milli-H
Resistance/phase 14.5 milli-Ohms
Power factor 0.9

Motor efficiency 95%
Calculated Input DC Current = 163K/360 = 453A
With modulation index Ma = 1
Maximum output AC voltage (phase peak) of Inverter-1
= Ma*(VDC/2) *1.15
= 207V
The factor 1.15 is because of the 15% extra voltage achieved by
the third harmonic voltage injection in space vector PWM
technique.

The required input terminal AC voltage (phase peak) of the
motor as per motor design parameters is 186 V.

Operating Modulation Index M. = 186/207
AC voltage (peak) of Inverter = 186*V3 =322V

Output AC voltage (RMS) of Inverter = 3222 =227.8V
Input Current for Motor (line R.M.S) = 453A
Output Current of Inverter (line Peak) = 453 * V2 = 640A

= 0.9 Output

Capacitor ripple current =Alcap rippLE
= 10Ut Lt rms * SQrt[2Ma{V3/A4TT+cos2D(V3/TI-((9/16)M2))}
= 240A

Table 4 lists the important power circuit calculations in
connection with the power electronic drive. Having derived the
basic power circuit parameters, in the following sections all the
important components of the drive are designed and analyzed
for their performance and suitability.
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“Z Table 4. List of important motor parameters

Parameter Value Remarks
0,
Output power of Inverter 158kw @QS.A’ Motor
efficiency
0,
Input power to the inverter 163kW @97./0 PED
efficiency
Input DC current from Battery 455A @360 DC bus
voltage
FI;/(Ie?lilmum available phase voltage 186V With SVPWM
Designed Ml 0.9 -
Output AC voltage to each Inverter | 228V RMS
Motor power factor 0.9 -
Output current of Inverter 455A RMS
Peak value of inverter output 640A

current

##3.POWER ELECTRONIC SWITCHES
AND SUITABILITY ANALYSIS

Figure 2 shows the IGBT selected for the controller. As per the
design, three IGBT modules will make total drive. Each of the
IGBT is a HEX pack having six power semiconductor switches
init. Three IGBTs will make an inverter driving one motor. The
top three switches and bottom three switches of the HEX pack
IGBT operate in parallel. This means each of the HEX pack
IGBT makes one leg of the inverter.

Figure 2: Selected IGBT for the Power Electronic Drive
(SKiM306GD12E4)

From the calculated values in previous section, the minimum
current and voltage rating of the IGBT required is as follows.

The Minimum current Rating of IGBT =
Minimum voltage Rating of the IGBT=

640 A (Peak)
600 V (OCV)

IGBT should operate without failure in transient conditions
also. For this we have considered some scaling factor based on
the calculated values in the previous section. The IGBT shown
in figure 2 is 300A and 1200V IGBT with HEX pack
configuration [8].

Current Rating of IGBT = 900 A
Scaling factor for current overshoot capability = 1.4
Voltage rating of the IGBT = 1200V
Scaling factor for voltage capability =2

Table 5 shows the important gate circuit parameters designed
for the power electronic drive. Figure 3 shows the
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SKYPER42LJR [9] gate driver selected for the purpose. Since
the peak gate current is 20A, for a parallel operation of HEX
pack device where in three IGBT switches are to be turned
ON/OFF simultaneously, each of the IGBT gate channel can
take a maximum of 6.66A only. Accordingly, the ON gate
resistance (Reon) and off gate resistance (Rgoer) are calculated
as follows.

Minimum Gate Resistance of IGBT = 15-(-8) / 6.66

=3.453Q
External Gate Resistance of IGBT =3.453-1.7

=1.753 Q
Selected gate resistance =20

The peak gate current of each switch for selected gate resistance
=15-(-8) /3.7
=6.21A

The above calculations show that, with selected gate
resistances, SKYPER 42LJR can drive the HEX pack IGBT
(operating its top three and bottom three switches in parallel).
The driver can provide the required peak current, average gate
current for the selected PWM frequency of switching.

4. INVERTER LOSS CALCULATION
Table 5 shows the important parameters in connection with the
loss calculation of the power electronic drive.

“Z Table 5. Important parameters for loss calculation

Parameter Value Remarks
On-state voltage of IGBT, Vceo 0.8V Datasheet
On-state bulk resistance, Rce 5.5mQ Datasheet
On-state voltage of diode, Vfo 1.1v Datasheet
Turn-on energy loss/pulse 19mJ -

Turn-off energy loss/pulse 39mJ -

Reverse recovery energy loss/pulse 21mJ -
Collector-Emitter reference voltage 600V -

Collector reference current 300A -

Maximum allowed junction temperature 150C -

DC bus voltage 360V -

Line to line current peak /switch 210A Three parallel
Efficiency of the inverter 97.2% Worst case
Junction to sink thermal resistance (IGBT) | 0.116 k/W | Datasheet
Junction to sink thermal resistance diode 0.218 k/W | Datasheet

Table 6 lists the losses of the inverter for the controller by using
the different values related to switching and conduction losses
[10]. The temperature dependent parameters are also
considered.

As the selected gate external resistance is 2 ohms, the
parameters dependent on this are reconsidered from the IGBT
datasheet respective graphs.

Eon = 28*10° (Joules)
Eore = 39*10’3 (JOU'ES)
Err = 19*10° (Joules)
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#: Table 6. Calculated losses of the inverter

Parameter Value Remarks
IGBT conduction loss 100.66 w
IGBT switching loss 75.68 w
Total IGBT loss 176.348 w
Diode conduction loss 35.43 w
Diode switching loss 46.09 w
Total Diode loss 81.535 w
Total Module loss 1547.3 w
Total Inverter loss 4641.9 w

. CONTROLLER DESIGN AND

PERFORMANCE ANALYSIS

The 150kW axial flux motor with 02 stators (each 75kW) and
two central rotors has to be controlled by a single inverter.
Inverter controls the parallel of two stators along with one
central permanent magnet rotor. The controller uses PID control
technique [11] to drive the motor. In order to achieve a smooth
and stable motor control performance, gains of various loops
play crucial role. These gains are designed using Ziegler &
Nichole’s [12] method and are fine-tuned by simulation. Also,
a ramp command is applied for the speed reference at the rate
of 1800RPM for 8 seconds. Table 7 shows the selected control
parameters. The designed motor control and its performance for
various speeds and loads has been validated using simulation
studies in SIMULINK.

Table 7. Selected control parameters

Parameter Value
Speed Controller proportional Gain 1

Speed Controller Integral gain 2

Speed Controller Max Limit 135.00%
Speed Controller Min Limit -10.00%
Current Controller proportional Gain 0.136
Current Controller Integral gain 16
Current Controller Max Limit 100.00%
Current Controller Min Limit -10.00%
Speed base 1800RPM
Voltage base 400V
Current base 848.4A

Figure 3: Simulation block for motor and controller

Figure 3 shows the simulation block for the purpose of analysis.
Figure 4 is the speed and current controller subsystems and
figure 5 shows the equivalent PMSM motor model.

(e

2 = I
B

Figure 4: Implemented speed and current controller blocks

1
@A
0

Figure 5: Implemented AF-PMSM motor model
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Figure 6: Induced Back EMF per phase @1800rpm
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Figure 8: Motor winding currents @ 1800rpm
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Figure 9: Motor line voltage @ 1800rpm
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Figure 10: Q-axis and D-axis current @ 1800rpm
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Figure 11: Active and Reactive power @ 1800rpm
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Figure 12: Load Torque/Shaft Torque @ 1800rpm
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Figure 6 to figure 12 shows the various important electro-
mechanical parameters viz. back EMF, speed response, AC
winding currents and voltages, D-Q currents, Active and
reactive power and load torque of the for 150kW motor with
given reference speed as a ramp of zero to rated i.e., 1800rpm
in 8 seconds.

6. THERMAL ANALYSIS

The IGBTs are mounted on the controller box (al alloy). The
drive heat sink has cooling channels on the outer periphery
which circulates the water at 20 litres/minute in order to take
away the heat generated in the IGBTS.

The heat losses generated at the IGBT junctions will transfer to
its sink and to the drive shell and to the cooling liquid. Also,
some amount of heat will be dissipated through convection and
radiation process.

Thermal analysis [10] of 165kW power electronic drive is
presented in this section considering these heat transfer aspects.
Radiation heat transfer coefficient [11] has been derived.

4t 4
Hl‘ = O'*E*Flz [;]
t—t;
- Temperatures of the surface
b - Temperature of ambiance
- 5.669x108W/m? K*
€ - Emissivity (0.7 to 1, 0.8 in present case)
Fio - View factor (1 for dissipating surface, 2 for
absorbing surface)
H - Radiation heat transfer coefficient
R - Radiation thermal resistance
A - Radiating surface area
R 1
T H.xA

Following are a few important correlations for natural
convection for a horizontal cylinder.

Nyg = 0.525 * (Grd * Pr)%25

(For laminar flow when 10* < Grd = Pr < 10)
Nyug = 0.129 = (Grd * Pr)%:33

(For turbulent flow when 10° < Grd = Pr < 10%)

* * * 3
Grd = grhrty P VéT L
Pr - Prand tl number
Grd - Grash of number
G - Acceleration due to gravity
B - Thermal expansion coefficient of the fluid
AT - Temperature difference between fluid and the surface
L - Characteristic length
v - Kinematic viscosity of the fluid
K - Thermal conductivity of the fluid
hnc — Nud * K

Estimation of the heat transfer coefficient and corresponding
thermal resistance is presented in this section.
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Fluid velocity = fluid flow rate (m®/sec)/flow cross section area,

b4
h="p
_ 9D,

e

v
- Avrea of cross section of the pipe
- Wetted perimeter of the pipe
Kinematic viscosity of the fluid
Characteristic length
- Velocity of the fluid

PoO< T

And friction factor is
f=1[0.79 * In(R,) — 1.64] 2

é(Re —1000) * P,
0.5 2
[1 + (12.7 x (é) «p,3 — 1)]
Up 0.25
Nud = NuO (E)

(For the case of fluid in the pipe is being cooled down) which is
the present scenario

Nyo =

Nud*K
h. =
c Dh
R 1
t_hC*AS

K, - Dynamic viscosity of the fluid at bulk temperature
U, - Dynamic viscosity of the fluid at wall temperature
K - Thermal conductivity of the fluid

Rt - Thermal resistance

In the lumped parameter thermal circuit parameters are
calculated by the resistance given in the datasheet [8]. The
thermal resistance for one IGBT junction to the casing is given.
But in the present case we have 3 IGBT modules for controlling
single 150(2*75) KW motor. So, coming to the number of
junctions we have 6 switches in a single IGBT module and 3
modules which results in total 3*6=18 junctions for a controller.
Hence the resultant thermal resistance network is 18 resistances
connected in parallel between the sink and controller. Fig 13
shows the lumped parameter equivalent thermal network for
controller thermal analysis.

Cunlmll:.r for Motor

™

2116 l P
IGBT Diode
Junulnn junction

0.006444 1 2

0.01211

Heat Sink
N

0 003968
L 4 .7

00003298
6863 — (Avg Iampera‘rura) j_‘ Mount
outlet

‘Water

3-977; ? 1.381
| E—

Ambiance

Figure 13: Lumped parameter thermal network for controller forced
cooling
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Hence, we know when N symmetric resistances are connected
in parallel resultant resistance is 1/N times and the current
source (losses in transistor) is multiplied by N. As given in the
data sheet thermal resistance from junction of single IGBT to
sink (R r) = 0.116. In the lumped parameter circuit, the
resistance represented is the total resistance due to 18
resistances in the controller is 0.116/18=0.006444C/W. And the
current source is the total losses due to the 18 IGBT (switching
and conduction losses) is 18* 155.141=2782.51W. similarly, In
the anti-parallel diode as given in the data sheet thermal
resistance from junction of single diode to sink (Rings) d) =
0.218C/W.

= X
. LT b5

| Continvous

% 0
P n g ars
)b oo
Gl
} o ) ! i

Figure 14: Lumped parameter thermal network for controller forced
cooling (simulation)

In the lumped parameter circuit, the resistance represented is the
total resistance due to 18 resistances in the controller is
0.218/18=0.01211/W. And the current source for the total
losses due to the 18 diodes (switching and conduction losses) is
18*65.545=1179.81W. Table 8 lists the thermal resistance
parameters corresponding this lumped parameter thermal
network which was shown in figure 13. Figure 14 presents the
Simulink simulation of the external cooling thermal analysis.

“Z Table 8. Calculated node temperatures of controller

Node Temperature (°C)
Water inlet temperature 27

Water average temperature 29.86

Water outlet temperature 32.72

Temperature at IGBT Junction 82

Temperature at Diode junction 78.3

7. CONCLUSION & FUTURE SCOPE

Power circuit for a high-power drive with high efficiency for a
150kW permanent magnet synchronous motor is designed and
methodology is clearly explained. The motor considered here is
a state-of-the-art motor configuration having two outer stators
and single permanent magnet rotor to drive the shaft.
Operational drive parameters like DC bus voltage, winding
currents, switching frequency and also taking current ripple
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currents are calculated and suitable hardware specifications are
derived. Critical parts selection such as IGBT module, gate
drive and loss calculation procedure are done. Inverter and
PWM control were also implemented in the above simulation
studies and the simulation based fine-tuned control parameters
are used in the practical implementation of the motor. Also, the
closed loop control performance of the motor is satisfactory. For
a very high-power dense drive the thermal analysis is very
critical. It is observed that the junction temperature is within the
limits i.e. less than 85 degrees Celsius as per the datasheet. This
ensures a robust and faultless operation of the drive while
switching high currents. This work can be implemented to
design higher power drives validating the performance in
switching high currents and to design a thermally robust
controller.
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