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A. Bazzi, Y. Liu, and D. S. Fay, “Electric Machines and Energy Storage: Over a Century of Technologies in Electric and Hybrid Electric Vehicles,” IEEE Electrif. 
Mag., vol. 6, pp. 49–53, Sep. 2018.

Permanent magnet synchronous machines dominate 
the EV industry

Types of machines used in EVs

PMSM IM Others
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There is a push towards reducing the dependence on 
magnets

F. Lambert, “Audi launches e-tron electric SUV with $74,800 starting price,” 2018. [Online]. Available: https://electrek.co/2018/09/17/audilaunches-e-tron-
electric-suv-with-74000-starting-price/. [Accessed: 05-Dec-2018]
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The machine power capability drops below rated 
capability due to flux weakening

Speed (p.u.)

Power (p.u.)
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Variable-pole induction machines maintain rated 
power capability over wide speed range

Speed (p.u.)

Power (p.u.)
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Variable-pole operation improves machine efficiency 
at partial loading

Power (p.u.)

Efficiency (%)

E. Libbos, B. Ku, S. Agrawal, S. Tungare, A. Banerjee and P. T. Krein, "Variable-Pole Induction Machine Drive for Electric Vehicles," 2019 IEEE International 
Electric Machines & Drives Conference (IEMDC), San Diego, CA, USA, 2019, pp. 515-522.
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Machine slot conductors are building blocks that can 
be series/parallel grouped

M. Magill, “An investigation of electronic pole changing in high inverter count induction machines,” Technical Report UILU-ENG-2015-2505, CEME-TR-2015-01, 
April 2015.

a) Machine side view b) Individual slot access

Slot 1
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The number of independent currents reduces as slots 
are grouped

Slot 1 Slot 2

Slot 1 Slot 2
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Example: Grouping slots of phase A to operate the 
machine as 3-phase

a) Machine side view b) Individual slots

A

A’
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9-Leg drive example: 9-phase/2-pole operation

2-Pole 9-Phase



11

Electronic Pole-Changing is done by changing the 
excitation phase number (3-phase/6-pole)

6-Pole 3×3-Phase
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Outline

Effect of Drive Architecture on Inverter 
Losses

Filter Capacitor Sizing

Experimental Results
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A high number of inverter legs is needed to change 
pole count
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Tesla Model 3 Inverter uses 24 SiC devices

8 SiC per phase

F. Lambert, “Tesla Model 3 teardown gives incredible look at the electric powertrain,” 2018. [Online]. Available: https://electrek.co/2018/07/26/tesla-
model-3-teardown-electric-powertrain/
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Conduction loss in a device generally increases with 
its Voltampere rating

Voltampere Rating (kVA)

Conduction Loss (W)
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Switching energy in a device generally increases with 
its Voltampere rating

Voltampere Rating (kVA)

Switching Energy 
(mJ)
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Total drive losses can be optimized with respect to 
number of inverter legs

Number of Inverter Legs

Total Drive 
Losses (W)

𝑉𝑉𝑑𝑑𝑑𝑑 = 800 𝑉𝑉
Load Apparent Power = 125 𝑘𝑘𝑉𝑉𝑘𝑘
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The 18-leg drive utilizes 1200 V SiC devices

Number of Inverter Legs

Total Drive 
Losses (W)

𝑉𝑉𝑑𝑑𝑑𝑑 = 800 𝑉𝑉
Load Apparent Power = 125 𝑘𝑘𝑉𝑉𝑘𝑘

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 1200 𝑉𝑉
𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 47 𝑘𝑘

𝑉𝑉𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 56.4 𝑘𝑘𝑉𝑉𝑘𝑘
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The 36-leg drive utilizes 650 V GaN devices by series 
stacking the dc side two 18-leg modules

Number of Inverter Legs

Total Drive 
Losses (W)

𝑉𝑉𝑑𝑑𝑑𝑑 = 800 𝑉𝑉
Load Apparent Power = 125 𝑘𝑘𝑉𝑉𝑘𝑘

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 650 𝑉𝑉
𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 47 𝑘𝑘

𝑉𝑉𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 30 𝑘𝑘𝑉𝑉𝑘𝑘
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Low number of high kVA rated devices is required for 
the conventional 3-phase drive

Number of Inverter Legs

Total Drive 
Losses (W)

𝑉𝑉𝑑𝑑𝑑𝑑 = 800 𝑉𝑉
Load Apparent Power = 125 𝑘𝑘𝑉𝑉𝑘𝑘

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 1200 𝑉𝑉
𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 300 𝑘𝑘

𝑉𝑉𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 360 𝑘𝑘𝑉𝑉𝑘𝑘
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The 3-leg drive has the highest losses over almost the 
entire load range

Load Percentage (%)

Total Drive 
Losses (W)
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Outline

Effect of Drive Architecture on Inverter 
Losses

Filter Capacitor Sizing

Experimental Results
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Schematic of modularized drive
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Phase number changes with pole count 
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Increasing the number of inverter legs decreases the 
capacitance

Pole Count

Capacitance 
(μF)
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3-phase operation constrains capacitor sizing 
irrespective of the number of inverter legs

Pole Count

Capacitance 
(μF)
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Dividing the drives into modules affect the 
capacitance value

Pole Count

Capacitance 
(μF)
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From an energy storage perspective, series and 
parallel combination of modules are identical

Pole Count

Energy 
Stored (J)
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Outline

Effect of Drive Architecture on Inverter 
Losses

Filter Capacitor Sizing

Experimental Results



30

Experimental Setup. The 18-leg drive is modularized 
into two 9-leg GaN-based modules
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Power Loss (W) decreases as the number of inverter 
legs used increases

Number of Inverter Legs

Drive Power
Losses (W)

𝑉𝑉𝑑𝑑𝑑𝑑 = 40 𝑉𝑉
𝑆𝑆𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚𝑟𝑟 = 180 𝑉𝑉𝑘𝑘
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Varying the machine pole count adds a degree of 
freedom to minimize drive losses

Torque (N.m)

Drive Power
Losses (W)

𝑃𝑃𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚𝑟𝑟(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) =
15.7 𝑖𝑖𝑡𝑡 330 𝑊𝑊

A
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dc Bus voltage ripple is higher when a 3-phase 
excitation is done

dc bus voltage 
ripple (mV)

Time (ms)

𝑉𝑉𝑑𝑑𝑑𝑑 = 40 𝑉𝑉
𝐼𝐼𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚𝑟𝑟 = 2.52 𝑘𝑘
𝑓𝑓𝑠𝑠𝑠𝑠 = 20 𝑘𝑘𝑘𝑘𝑘𝑘
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Key takeaways 

1) A higher number of inverter legs provides more flexibility to 
change pole count of an IM

2) With higher number of inverter legs, more efficient drives can 
be designed by using lower rated devices

3) The pole count extends the machine speed range and adds a 
degree of freedom to maximize drivetrain efficiency
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Thank You
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Questions
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