
Power Steering: Brushless DC 
I or Switched-Reluctance? 

By David A. Torrey and James M. Kokernak, Advanced 
Energy Conversion, LLC Cohoes, N.Y. - 

Adjustable speed drives for automotive power 
steering employ brushless dc or switched-reluc- 
tance motors.The optimal choice for this applica- 
tion requires an assessment of the relative merits 
of the motors and associated power electronics. 

he trend in the automotive industry is to 
replace mechanically actuated systems with 
systems based on electric motor technol- 
ogy. The traditional brushed dc motor is 
not suitable for many of these adjustable 

speed applications because of the wear associated with the 

Fii.  1. Switched-reluctance motor with sixstatorpoles and fourrotorpoles. 

brushes, lower overall power density, and EM1 problems 
associated with commutator arcing. This arcing can become 
more serious as application requirements move from sub- 
fractional horsepower to transient integral horsepower. The 
low system voltage and the resulting high inductive motor 

currents that the commutator must interrupt can create 
substantial arcing. 

The increase of power electronics components that tar- 
get the automotive industry (namely, low voltage, high cur- 
rent semiconductors) has motivated automakers and OEMs 
to consider higher performance motor technologies with 
the expectation that high volume and improved fuel 
economy will bring value to their products. Few applica- 
tions have seen broad acceptance at the 12V level, prima- 
rily because the load currents (which are often transient) 
can be quite high. While you can often size electric motors 
for their nominal usage, and overloaded in transient situ- 
ations, the same is generally not true for the power elec- 
tronics. The requirement that the electronics be sized for 
peak power requirements results in expensive systems, 
much to the dismay of the automakers. 

There is a proposed move toward a 42V platform in an 
effort to find some balance between the projected electri- 
cal demands of a typical automobile and touch-potential 
safety. While this voltage does provide some relief from 
the 12V headaches, such as large conductors and inherent 
voltage drops across semiconductors, it is not a complete 
solution for the motor and power electronics designer. Al- 
though the challenges are likely not insurmountable, the 
first two production hybrid electric vehicles to be sold in 
this country, the Toyota Prius and the Honda Insight, are 
not examples of low-voltage technology. 

Several problems are associated with selecting an ap- 
propriate technology for a given application. By way of ex- 
ample, let’s consider the design of an electric motor drive 
for a power steering system. 

Motor Technology 
The brushless dc (BLDC) and switched-reluctance motors 
(SRM) have some barriers to market penetration. Unlike 
the traditional induction motor, the BLDC motor has 
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permanent magnets that are suscep- 
tible to high temperature complica- 
tions-a serious consideration in the 
automotive industry where ambient 
temperatures are often specified as - 
40 to 125°C. The BLDC motor also 
raises concerns about failure modes. 
Because the SRM has a reputation for 
being noisy and has high torque 
ripple, often the traditionally robust 
induction motor is force-fit into many 
applications. While the induction mo- 
tor is an excellent performer in many 
industrial applications, the perfor- 
mance margins that the automotive 
industry demands require that other 
motor types (in addition to the two 
presented here) be pulled up the tech- 
nology curve rather quickly. 

The induction motor is ill-suited 
for most automotive applications be- 
cause of the difficulties associated 
with extracting heat from the rotor, 
efficiency problems over wide speed 

and power ranges, long end-turns, 
and a more expensive manufacturing 
process due to distributed windings. 
The induction motor will find some 
automotive applications; however, 
lighter and more suitable candidates 
will ultimately replace its deployment. 
The BLDC[l-*] and SRM[1,3-41 technolo- 
gies presented here represent two of 
those potential candidates. 

Switched Reluctance 
Power electronics technology has 
made the SRM an attractive choice for 
many applications, though to date it 
has seen few commercial applications. 
The SRM is a doubly salient, singly 
excited synchronous motor. The rotor 
and stator consist of stacked iron lami- 
nations with copper windings on the 
stator, as shown in Fig. 1, on page 24. 
To excite the motor, a power electron- 
ics inverter energizes appropriate 
phases based on shaft position. The 

Fig2.BLLKmotor with threephases and 16poles. 

excitation of a phase creates a magnetic 
field that attracts the nearest rotor pole 
to the excited stator pole, in an attempt 
to minimize the reluctance path 
through the rotor. Excitation is applied 
sequentially to the phase windings to 
produce continuous rotation. 

Continued on page 27 

Industry's First Monolithic DC-DC 
Switcher IC With 200 V MOSFET 

From the world's leading supplier of monolithic high-voltage off-line power conversion ICs comes 
the next generation DC-DC converter IC. Power Integrations' new DPA-Switch'" integrates all of the 
important DC-DC converter functions including a 200 V power MOSFET. The result - a simpler 
design with fewer components, higher power density, and excellent performance. 

Eliminates 20-50 external components-saves space, cost 
Integrates 200 V high frequency MOSFET, PWM control, fault 
protection, and other control circuitry on one CMOS chip 
Eliminates all external current sensing circuitry 

I OUTPUT POWER TABLE I 
36-75 VDC INPUT RANGE 

Max Total Device 
Dissipation 0.5 W 1 W 2.5 W 4 W  6 W power 
mnniicr output 

I DPA423R I 1 2 W I  1 6 W I  - I - I - I 1 8 W  I 
DPA424R 1 6 W  2 3 W  35W - - 3 5 W  

DPA425R 23W 3 2 W  50W 6 2 W  - 70W TO-263 
DPA426R 25W 3 5 W  5 5 W  7 0 W  83W IOOW SMD Package 

See Data Sheet lor 16 V and 24 V Minimum input and for Notes and Condltlons 

Built-in auto-restart for output overload/open 
loop protection 
Pin selectable 300/400 kHz fixed frequency 
Wide input (line) voltage range: 16-75 VDC 

0 

DPA.SWitCh 
"IN D L  

RESET/ 
CLAMP 
CIRCUIT 

0 -  

Data Sheet, Application Note (AN-31), Design Software (PI Expert" v4.0.3) and 
Design Accelerator Kit OAK-21) at www.powerintcom 

www.po werin f .corn ?@ fd: +1 408-414-9200 Fax: +1 408-414-9201 
L ! I l ! ! E L m U s ~  

CIRCLE 220 on Reader Service Card 

Power Electronics Technology I Auousl2002 www.oowereleclronics.com 



POWER STEERING 

Continued from page 26 
The SRM structure is similar to the stepping motor, but 

with smooth rotation. Because no permanent magnets or 
windings are on the rotor, all the torque developed in the 
SRM is reluctance torque. While the SRM is simple in prin- 
ciple, it is rather difficult to design and develop perfor- 
mance predictions. This is due to the nonlinear magnetic 
characteristics of the motor under normally saturated 
operation. Modeling processes support design of the 
conventional SRM[5,61. Perhaps to a greater extent than in 
other types of motors, the structural design of the SRM 
requires careful attention. Inattention to structural details 
is often to blame for an acoustically noisy SRM. 

The conventional SRM is relatively straightforward 
manufacturing, due to the concentrated windings around 
the stator poles in contrast with distributed windings in 
the induction motor. There are no windings or permanent 
magnets on the rotor. The simplicity of construction and 
lack of costly permanent magnets imply that the SRM 
would be much less expensive to produce in the quantities 
that dc or induction motors currently enjoy. 

k 

- 

Brushless DC 
The BLDC motor consists of stacked steel laminations on 
the stator. Traditionally, the stator resembles that of an in- 
duction motor; however, the windings can be configured 
so they're not distributed. The rotor on the BLDC motor 
can take many forms, but all have permanent magnets in 
some form. Depending on motor size, these magnets can 
be a full-ring magnet, spoke, embedded, etc. The magnet 
configuration is tied closely to the performance and manu- 
facturing logistics of the permanent magnet material. Fig. 
2, on page 26, shows the cross-section of the BLDC motor 
considered for the power steering application. 

In motors of less than 1.5kW rating, the presence of 
permanent magnets can significantly increase the motor's 
power density. When space is tight, the energy density of 
permanent magnets can easily exceed that of a copper 
winding. This suggests that the BLDC motor should enjoy 
an advantage around this power level. However, as the speed 
range increases, the permanent magnets may become 
something of a liability unless provisions are made to 
weaken the field. Field weakening in the BLDC motor is 
sometimes attempted through phase advance of the cur- 
rent waveform, yet this tends to introduce substantial 
torque ripple. Field weakening is more natural in perma- 
nent magnet motors that have been wound for a sinusoi- 
dal back EMF. 

Power Steering Specification 
Based on required rack performance, steering wheel in- 
put, and a mechanical power balance between the motor 
output and the steering rack output, we can develop a motor 
requirement. The dc bus is 9V to 19V, 12V nominal. The 
motor drive system should not draw more than 80A from 
the dc bus when operated at 14.4V. Assume the inverter 
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Table 1. Require performance points for the power steering application. 

Table 2. Design performance for SRM motor. 

efficiency is 93%. The motor may be driven by a trapezoi- 
dal or sinusoidal drive. 

Table 1 outlines the required performance points for 
the power steering motor. The 5 Nm points represent the 
predicted maximum torque for the application. The 7 Nm 
is a safety margin to account for losses in the mechanical 
interface between the electric motor and the tires. The re- 
quired no load speed for the motor is 4,500 rpm. Because 
the duty is transient in nature, the time requirements 
are provided to help minimize the size of the motor by not 
designing to tolerate steady state performance under 
these conditions. 

Switched Reluctance Evaluation 
From Table 1, the maximum power output from the mo- 
tor is about IkW. The SRM operates in a constant torque 
region below base speed, and a constant power region 
above base speed. Thus, it's necessary to determine the 
shaft speed associated with 1kW at 7 Nm. This base speed 
point is a key design point and defines the torque-speed 
profde for the motor and is given by 143 rad/sec= 1,364 
rpm= 1,OOOW/7 Nm. If the SRM is capable of producing 
7 Nm at this speed, then it will satisfy all other points in 
Table 1. To accomplish this from 14.4V and 80A is quite 
challenging. The available battery power is 1,152W and 
the peak shaft power is IkW. The required system effi- 
ciency to accomplish this power and satisfy the battery cur- 
rent requirement is 86.8%. This requires the motor and 
power electronics to have efficiencies in the range of 93%. 
Selecting a base speed significantly above the 1,364 rpm 
could result in excessive phase currents, adding cost to 
the inverter. 

Table 2 summarizes the performance achieved at the 
specified points for a 4-phase switched-reluctance motor 
designed for this application. Base speed is between 1,600 
rpm and 1,800 rpm. While certain points in the design ex- 
ceed the battery current requirement, those points are well 
outside of the envelope of expected torque required by the 
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Fi93. Phase current and phase inductance for operation below basespeed. 

Fig.4. Typical energy conversion cycle for the power steering SRM 
operating below base speed. 

Fig. 5.Aggregate torque production for all phases above the torque 
contribution of a single phase. 

system. The 5 Nm is the expected maximum torque. The 
two operating points at 5 Nm demonstrate battery cur- 
rents below the specified level. In the event that there are 
static friction issues that require 7 Nm to break free, bat- 
tery currents in excess of 80A should be expected tran- 
siently unless the duration is so short that inverter bus ca- 
pacitors can supply the additional energy. 

Figs. 3 through 5 show typical examples of motor phase 
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Fig. 6. The torque-speed characteristic for the brushless dc motor. 

current vs. phase inductance below base speed, the energy 
conversion cycle, and the achievable torque, respectively. 
While the total torque appears to be high in ripple, the 
ripple is a result of phase overlap. A certain amount of cur- 
rent shaping during phase overlap can achieve satisfactory 
torque performance. 

Brushless DC Evaluation 
A 3-phase BLDC motor was designed for this application 
as well. An important difference between the SRM and 
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BLDC motors is their behavior at high speeds. The SRM is 
reasonably good at behaving as a constant power motor 
above base speed. The BLDC motor, on the other hand, 
often loses power output capability rapidly as the speed 
increases. As a result, the design must carefully evaluate 
points beyond base speed to make sure they fall within 
the actual torque speed envelope of the motor. Fig. 6 
shows the torque speed curve for the BLDC motor de- 
signed here. 

Notice that the base speed (point where torque demon- 
strates a rapid drop from 7 Nm) is extended out to more 
than 2,000 rpm. This is necessary to ensure the motor meets 
the no-load speed requirement and 3 Nm can be achieved 
at 3,170 rpm. The BLDC motor and SRMs considered here 
have the same active stack length and outer diameters. Per- 
formance was evaluated at the same points as demonstrated 
on the SRM to provide some basis for comparison. Table 3 
summarizes the points. 

The most noticeable difference between the two mo- 
tors is the required phase current to produce the required 
torque. The back EMF created by the permanent magnet 
limits the ability to shape phase currents. To improve 
high-speed performance, this BLDC motor is designed 
with a full slot skew that produces back EMF waveforms 
that are nearly sinusoidal. As a result, the inverter will ex- 
cite the motor with %phase sinusoidal currents. Fig. 7 
shows a sample of these phase currents. Fig 8. shows the 
resulting torque. 

Continued on page 33 

Table 3. BLDCmotor performance at selected operating points. 

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.25 .3 3.25 3.5 
Rotor posttion (W x 100) 

Fig. 7. Sinusoidalphase currents for the design BLDC motor at 500 rpm. 

Fig.8. Resulting torque for a sinusoidally excited BLDC motor. 
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Continued from page 30 

The previous sections suggest that the SRM and the BLDC 
motors can provide comparable electromagnetic perfor- 
mance over the intended duty of the motor. However, dif- 
ferences in motor control and the cost of the electronics 
must be considered in cost-sensitive applications. It would 
appear at the outset that the BLDC has an advantage over 
the SRM because of the lower number of phases. Consid- 
eration of the currents that must be supported by the 
switches shows that the BLDC inverter would be signifi- 
cantly more expensive than the SRM inverter: the BLDC 
motor has six switches that must support 325A while the 
SRM has eight switches that must support 140A. Even tak- 
ing into account the penalty for discrete diodes in the SRM 
inverter, the SRM inverter would require less silicon than 
the BLDC. This is before consideration of any one of a 
number of SRM inverter topologies that support opera- 
tion with five controllable switches (the number of phases 
plus one). Inverter costs favor the SRM. 

Manufacturing costs favor the SRM. The BLDC design 
is based on using rare earth NdFeB permanent magnets 
that are expensive relative to steel. Use of a lower quality 
magnet will exacerbate the current requirements. Perfor- 
mance of any magnet is a concern with the BLDC motor, 
particularly in an automotive environment where extreme 
ambient temperatures cause variation in magnet strength. 
The SRM uses a smaller air gap than the BLDC motor; how- 
ever, the cost of the magnet compensates for this. 

Relative to motor and inverter cost considerations, the 
SRM appears to have an advantage over the BLDC motor 
in this application. However, the SRM is not better than 
the BLDC motor in all applications. Each application de- 
mands careful matching of the electromechanical require- 
ments to the inherent characteristics of the electric motor. 
The best match between motor and load characteristics will 

medl 

Motor Selection and Power Electronics 

generally yield the lowest cost drive. 
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