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Controlling Brushed
DC Motors Using PWM

Designers should determine the best frequency to get the least ripple and the longest

life out of a motor.

any applications using miniature

brushed DC motors require motors to

operate at more than one load point or

through specific load cycles. Running
a motor at usable load points requires a variable, controllable
power source. This can be done by a continuous linear regula-
tion power supply or pulse width modulation (PWM).

Linear regulation is generally inefficient and a requires a
larger housing. Moreover, in battery-driven applications, it
is impractical to use linear regulation at varying load points.
PWM voltage regulation, on the other hand, is efficient and
can be used effectively with battery or DC power-driven appli-
cations. The better efficiency of the PWM drive increases bat-
tery life and reduces heating in electronic components.

One trade-off of using PWM with a motor are the eddy
current losses in the rotor windings due to the continuous
PWM switching which, in general, are not present in linear
power sources. However, properly designed PWM mini-
mizes eddy current effects and improve how the motors are
driven.

Core-less brushed DC motors have low inertia and induc-
tance. This lets them be used in applications needing dynam-
ic behavior and fast responses from the motor. Using PWM
allows precise current control in the windings. Hence, the
output torque, which is linearly proportional to the aver-
age winding current, can be correctly controlled in coreless
motors.

Unlike pure resistive loads for DC motors, the resistance,
inductance and back EMF on the rotor windings are deciding
factors in optimizing PWM frequency and duty cycle.

LINEAR vs. PWM POWER SUPPLY

With a linear DC source (as in the figure above, right), cur-
rent is a function of just the winding resistance. Inductance
does not affect the current as at constant source. An inductor’s
impedance is zero.

The catalog values and life prediction for most coreless
motors are estimated using a constant, linear DC power supply.

GO TO MACHINEDESIGN.COM

A circuit diagram of a driving motor using a variable DC source.

When using a PWM source, the circuit sees Ohmic resis-
tance and inductance due to frequent switching. Moreover,
a back EMF equivalent to the motor characteristics (KE) and
speed is generated across the terminal. This complicates the
PWM circuit when designing it for a specific application, as
not only the duty cycle but the frequency of PWM needs to be
controlled precisely to get the best motor performance.

When the motor is at rest or rotating at a low speed, the back
EMEF can be neglected. The simplified equivalent circuit of the
motor is shown below.
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T — k Motor at Rest / Low Speed

When the motor is at rest or moving slowly, it can be represented by
an inductor and a resistor.

The free wheel or snubber diode (parallel to the motor ter-
minals in the above schematic) should never be omitted when
using a varying voltage such as with PWM. The diode lets the
charge dissipate without arcing when switching.

When the motor runs at moderately high speed, the back
EMF is comparable to the applied voltage, so a component
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representing the back EMF needs to be added to the equivalent
circuit. The modified equivalent circuit is shown below.
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Brushed DC Motor with Back EMF

When the motor is running at moderate speed it can be represented
by an inductor, resistor and power source.

The back EMF, along with the RL circuit in a brushed DC
motor, brings non-linearity to the PWM control and the PWM
frequency and PWM duty cycle become significant for getting
the best output power.

When PWM drives the motor and electromagnetic compat-
ibility is critical, it is recommended to analyze radiation effects
because the radiated electromagnetic energy is generally high-
er with PWM than with DC linear sources.

VOLTAGE-CURRENT CHARACTERISTICS

When voltage is applied across an RL circuit, the induc-
tor opposes current through the circuit. As a result, current
rises exponentially to a steady-state value that depends on the
motor’s L/R ratio. The graph below shows the exponential rise
in the current through the winding in an RL circuit. When the
applied voltage is removed from the circuit, the current slowly
falls to zero, decaying exponentially.
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This graph shows the exponential rise in an RL circuit’s current.

The L/R constant (aka the time constant for an RL circuit)
defines the applied voltage’s maximum rate of change in the
circuit. The steady state, after any change in applied voltage,
is reached after a period equal to several time constants. The
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graph of the motor’s current (above) shows its exponential
rise, which represents an ideal scenario. Five times the time
constant (5L/R) is generally considered the time needed to get
to steady state. However, at five times the time constant, the
circuit is at about 99.33% of its maximum value.

Ignoring the presence of back EMF for simplicity, current
rise in a simple RL circuit can be given as:

I=1(1-et/7) (Eq. 1)

Where

L
T= R (Eq. 2)

I is the maximum current through the RL circuit for a given
voltage.; T is the time constant of the RL circuit defined as the
time needed for the current to reach 1/e, or about 63.21% of
the maximum current; and ¢ is the time.

Once steady state is reached, if the supply is disconnected,
the current through the RL circuit decays exponentially (as
shown below).
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This graph shows the exponential rise and fall of current in an RL

circuit.

PWM DESIGN CONSIDERATIONS

When a PWM drive is used with brushed DC motors, the
rotor’s internal inductance acts as a current filter which is
good for the drive circuit. However, other design param-
eters, such as PWM frequency and duty cycle, affect the
current ripple and, therefore, the life of the brushed com-
mutation.

When PWM drives a motor, the current across the motor
rises and falls with every period of the PWM. Ignoring the
motor’s back EME, the current rise is a function of motor
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Brushed DC Motors

inductance and total resistance. For every PWM cycle, the
PWM frequency should be chosen so there is enough time
for the current to reach its steady-state value, which is typi-
cally more than 5t. The graph below shows the conditions
when the PWM frequency is enough for the steady state to
be reached.
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The voltage-current characteristics of an RL circuit with PWM. The

PWM frequency is more than six times the time constant (67).

As the PWM frequency increases past threshold value,
the PWM on-and-off time becomes shorter than the time
required for the RL circuit to operate and the current to reach
steady state. Hence, the current oscillates between two non-
steady state values, which causes current ripple. The graph
below shows the condition when the PWM frequency is
higher than the time needed for steady state and the current
through the motor oscillates.
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In this RL circuit with PWM, the PWM frequency is less than three

times the time constant (31).

From a design perspective, current ripple should be reduced
by adjusting the driving frequency so that output torque is
nearly linear. It is also advisable to keep the PWM frequency
higher than the human range of hearing (above 20 kHz) as a
current ripple in that frequency range can create noise during
motor operation.
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CURRENT RIPPLE

For specific coreless brushed motors, current ripple should
be kept as low as possible. Typically, ripple below 10% is con-
sidered a low value. A higher ripple affects performance in
several ways:

o The motor’s output torque is proportional to current,
whereas Ohmic (resistive) heating in the winding is
proportional to the square of the current. So, at peak
currents, heating in the windings would dominate and
decrease motor performance and life.

o Portescaps brushed DC motors do not use iron lamina-
tions, so eddy current and hysteresis losses in the mag-
netic circuit are directly proportional to the current rip-
ple and would reduce the motor’s overall performance.

» For precious metal commutation, increased electro-
erosion affects the motor’s life because electro-erosion
is proportional to the factor L x I.4%. where L is the
inductance and I is the effective current through the
winding.

o For carbon brush commutation, increased current rip-
ple increases the patina accumulation. (Patina or film
is the copper oxide layer formed on the commutator
surface of the carbon brush which improves commuta-
tion and reduces friction.) Therefore, at lower speeds,
brush contact would deteriorate. At moderate-to-high
speeds, the patina would not significantly affect motor
performance.

The inductive voltage across the terminal can be given as:
s =T
UL—Lxdt:AI—Tx . (Eq. 3)

Where L is the inductance; Uy is the voltage generated
across the inductor; and T is the infinitesimal time it takes the
current to change by AL

For PWM motor operation, the voltage across its terminal is
opposed by the back EMF generated across the motor termi-
nal. Hence, Eq. 3 can be rewritten for both the current rise and
current fall in PWM operations as:

Algy = Toy, 22=Eur HR) (Eq. 4)
and:
Uorr—Ugmp+U
Alppp = —Algy = TGFF-M (Eq. 5)

L

Where the subscript ON denotes the “on” time and OFF
denotes the “off” time of the PWM pulse so that the total time
Tpis given as:
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Tp = Ton + Torr (Ea. 6)
From Eq. 5,
Algy L
Ugmr + Ug = TZ::: + Uorr (Eq.7)

Inserting the value from Eq. 7 into Eq. 4, we get

Algy.L
Won~Yort)” Tory (Ea.8)

L

AION = TON'

Ton and Toppin the above equation can be given as
Toy =D xTp (Eq.9)
and
Torr = (1 — D) xTp (Eg. 10)
Where D is the duty cycle of the PWM signal.

Hence, Eq. 8 can be rewritten as:

IonxL

(UON - UOFF) T yT.
T-D)xT,
AIONzl)pr. L( )x £
or
Aloy = A = D x (1= D) x Tp. “2=20rE (Eq. 11)

Eq. 11 can be used to extract the current ripple in the motor
due to a PWM signal of duty cycle, D, and frequency, 1/Tp.

It is interesting to note from Eq. 11 that current ripple is at
a maximum when the duty cycle is 50%. Consequently, it is
suggested that designers run the motor away from 50% duty
cycle zone.

Also, from the above equation, current ripple depends only
on the motor inductance, not the motor’s electrical time con-
stant.

Ideally, for coreless motors, the difference (Ugy — Ugpp),
sometimes given as AU, should be kept as low as possible,
depending on maximum motor input voltage and application
speed.

The motor’s inductance across its terminal is a function of
the PWM frequency. For example, a catalog lists a Portescap
motor’s inductance at 1 kHz; but at 100 kHz, inductance can
decrease to as low as 20% of the catalog value.

Compared to iron core motors, coreless motors’ inductance
is lower by a factor of two. Also, the Quality factor is poorer as
there are no iron laminations in the rotor windings. Hence, a
PWM drive with a coreless motor will have relatively higher
losses and offer less electronic stability.
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MOTOR LIFE

In brushed DC motors, the most common failure mode is
wear on the brushes due to commutation. During the motor’s
lifetime, the brushes (carbon-graphite or precious metal) are
spring loaded and mechanically coupled with the collector
segments to charge the coils. This makes brush wear a func-
tion of mechanical friction generated when the brushes slide
over the collector segments and electro-erosion caused by
electrical discharges at the time of commutation.

When using PWM drives to run a motor at various speed
and load points, the estimated motor life becomes a complex
combination of various factors driving its wear properties.
These factors can include:

o Higher current density in the commutation because of
reduced efficiency, high mechanical friction, insuffi-
cient lubrication or current recirculation.

« High electro-erosion during current spikes when using
PWM sources.

« Higher working temperature of the motor due to envi-
ronmental conditions or higher power density of the
motor which reduces the lubrication quality.

Depending on the application and source used to power the
motor, its life expectancy may depend on one or more of the
factors described above.

For motor designs where the load point requires the motor
to run at moderate torque and speed, with no axial and radial
loads acting on the shaft and in a moderate temperature range
(typically below 60°C), wear is generally dominated by elec-
tro-erosion. Then motor life is inversely proportional to the
inductance and square of the current:

Life)rin X 77— ,21 (Eq. 12)
“motor

The above equation considers a linear or PWM source with
current ripple negligible compared to the average current
through the motor. In practical scenarios, the ripple can con-
tribute to reduce the motor life significantly.

Case 1: Current ripple is less than 10%. To reduce current
ripple to less than 10% in a Portescap brushed DC motor, the
frequency range can be as high as 40 to 120 kHz.

With PWM, Eq. 12 can be rewritten as:

1
L(Imo l:rJr"'Ilasses)2

(Life)pwy (Eq. 13)
ljosses are losses in the diode and losses due to Eddy current
and hysteresis on the motor tube. These losses reduce the
motor’s overall efficiency. However, a good design would yield
about 85 to 90% efficiency of the PWM.
From Eq. 12 and 13, and taking into account ljygs as 10%
Of Imotor .
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Brushed DC Motors

Then:
. . otor
(Life)pwnm = (Llfe)l,in'm (Eq. 14)
Hence, with 90% of PWM efficiency,
(Lle)pWM ~ 83% (LifE)Lin (Eq.15)

Case 2: Current ripple is significant. Eq. 14 holds true
when [}y is low compared to I, But when current ripple
is high, instantaneous current surges through the motor and
heats it; the equation should then be modified to become:

2
ImOﬂJT

) ) 1
(Life)pwm = (Llfe)“"'fzz(r).dc'(1,,m (Eq. 16)

or+liosses)?

Considering a PWM with 50% duty cycle where ripple is
maximum and average motor power is P, the integral part can
be re-written as:

1 1
= = 0.5
Jr@.dr (*ode+ [} (202.dt

Thus, Eq. 16 can be re-written considering 90% of PWM
efficiency as:

(Life)pwm = 41.5% (Life)Lin (Eq. 17)

PWM INCREASES MOTOR LIFE
There are a couple of things that can be done to improve
motor life when using PWM:

1. Reduce motor current ripple. Current ripple can be
reduced by increasing the PWM frequency. If the PWM
frequency is significantly higher than the motor’s time con-
stant (L/R), ripple is further reduced. For Portescap coreless
motors, a ripple of less than 10% is recommended for longer
motor life.

Another intuitive approach to reducing current ripple is to
add external inductance in the motor circuit to act as a cur-
rent filter. This generally improves efficiency. However, the
inductor worsens the overall electro-erosion of the brush-
commutator system as electro-erosion is directly propor-
tional to the circuit’s inductance. Hence, unless efficiency
and motor heating are the only concerns, this approach is not
recommended.

2. DC-DC converter design. In designs such as the one
below, system efficiency improves drastically and the motor
brush life is longer compared to the solution where an external
inductance is added to the circuit.
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To optimize the circuit, the voltage ripple, given by eq.
18, should be minimized. A value of less than 10% is good
enough for practical motor operations.

From the equation above, at higher frequencies the value of
the inductor and capacitor would go down, and therefore the
overall packaging of the PWM drive would reduce.

AV — (U'Vm)-Vm

8.L.C.f2 (Eq. 18)
. (L]
& L - @

Ultrasonic vibrations can be induced in the rotor when
driving the motor at lower frequencies. It is therefore sug-
gested to drive the motor at frequencies above 20 kHz.

For battery driven applications where miniature motors
are used, the efficiency of the application drives the batteries’
charge cycle. A PWM drive helps by letting the motor run
at different speeds. An accurate PWM design, however, is
needed to ensure the current and voltage ripples are negligible
and motor life is not shortened. &l
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