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The Switching Characteristics of the MOSFET Driver
Used in the PWM Control of a DC Motor
- A Small Handbook for Engineers

Pompilian Tofilescu. Gheorghe Grama '

Abstract - The present paper presents few issues
regarding the PWM (pulse width modulation) controt of
a DC motor using a power MOSFET driver. There are
shown the algorithms and the calculations used to
determine the switching times and switching power
dissipation of the MOSFET. The calculations are hased
on the device datasheet specifications and are verified by
lab tests and measurements.

The paper is based on the authors™ experience in the
automotive clectronics design and aoalysis ficld and
wants to be a useful tool for the design engineers, which
will be invelved in the DC motor control design.

Keywords: DC motor, PWM contrel, power MOSFET,
switching characteristics.

I, INTRODUCTION

PW M method is one of the most used methods in the
DC motors control because is accurate and relatively
simple. The reason is that almost all microcontroliers
provided by various suppliers for a wide field of
application have one or more PMW outputs and the
characteristics of PWM signal (duty cycle. frequency)
can be casy modified by software.

A common application of this typc of control in
automotive clectronics tield is the control of fucl
pump motor. The schematic draft is presented in the
figure below:
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Fig. I PWM Control Schemauc
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Where:

- D1 is the freewheeling diode

- Rl (usually trom few decades to few hundreds
ohms) is used to control the switching time of the
MOSFET (M{)

- R2is the pull down resistor and keeps the gate of
M1 low when the microcontroller output is in
high impedance state.

The average current through the motor coil is

proportional with the duty cycle of the PWM signal.

The issues that appear in this type ot control are:

- the variation of the output pulsc width duc by the
switching times of the MOSFET driver

- the switching times variations induced by
component tolerances

- power dissipation during MOSFET switching
could be significant and overstresses the device.

II. THEORETICAL BRIEF

This section will explain the behavior of the MOSFLEET
during switching. To drive a MOSFET on or ofT a
certain amount of electrical charge is necessary to be
pumped to or sunk from the gate. A typical test circuit
to study this behavior is shown in the tigure above:
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Fig 2 Gate Charge Test Circunt
The basic gate harge w v torm. ot n.d fiom t ¢
test circuit above are:
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Before time to, the switch S is closed; the device under
test (DUT) supports the full circuit voltage, Vpp, and
the gate voltage and drain current are zero. S is
opene attme ty; t € gate-to-source capac tance starts
to charge, and the gate-to-source voltage increases.
No current flows in the drain until the gate reaches the
threshold voltage. During period t, to t;, the gate-to-
source capacitance continues to charge, the gate
voltage continues to rise and the drain current rises
proportionally. So long as the actual drain current is
still building up towards the available drain current.
Ip, the freewheeling rectifier stays in conduction, the
voltage across it remains low, and the voltage across
the DUT continues to be virtually the full circuit
voltage, Vpp. At time t,, the drain current reaches lp,
and the freewheeling rectifier shuts off; the potential
of the drain now is no longer tied to the supply
voltage. Vpp. The drain current now stays constant at
the value I;, enforced by the circuit, while the drain
voltage starts to fall. Since the gate voltage is
inextricably related to the drain current by the
intrinsic transfer characteristic of the DUT (so long as
operation remains in the "active" region), the gate
voltage now stays constant because the "enforced"
drain current is constant. We note this value of gate
voltage with VGS(pl). No charge is consumed by the
gate-to-source capacitance, because the gate voltage
remains constant, The drain voltage excursion during
the period t; to t; is relatively large, and hence the
total drive charge is typically higher for the "Miller"
capacitance Cpg than for the gate-to-source
capacitance Ges. At t; the drain voltage falls to a
value equal to Ip x Rps(on) , and the DUT now comes
out of the "active" region of operation.

The gate voltage is now no longer constrained by the
transfer characteristic of the device to relate to the
drain current, and is free to increase. This it does,
until time t4, when the gate voltage becomes cqual to
the voltage "behind" the gate circuit current source.
The time scale on the graphs of the gate-to-source
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voltage is directly proportional to the charge dclivered
by the drive circuit, because the current remains
constant throughout the whole sequence. Thus the
length of the period t, to t; represents the charge Qgs
consumed by thc gale-to-source capacitance, while
the length of the period t, to t; represents the charge
Qgp consumed by the "Miller" capacitance. The total
charge at time t; is the charge required to switch the
given voltage Vpp and current Ip. The additional
@ .. ft m_; that will be noted
Qg_res (rcsiuual ~~t~ ~h~r~ ), -o < not reprec=nt
"switching" charge. It is simply the excess charge
which will be delivered by the drive circuit becausc
the amplitude of the applicd gate drive voltage
wO.wddly will Lo highe the. tho tors Zidicus
required to accomplish switching.

Similar considerations apply to the turn-off interval.
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Fig. 4 Turn off waveforms
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Figure 4 shows theorctical waveforms for the
MOSFET during the turn-off interval. At t, the gate
drive starts to fall until, at t,. the gate voltage reaches a
level that just sustains the drain current and the device
enters the linear mode of operation. The drain-to-
source voltage now starts to rise. The Miller effect
governs the rate-of-rise of drain voltage and holds the
gate-to-source voltage at a level corresponding to the
constant drain current. Once again, the lower the
impedance of the driver circuit, the greater the
charging current into the drain-gate capacitance, and
the faster will be the rise time of the drain voltage. At
t; the rise of drain voltage is complete, and the gate
voltage and drain current start to fall at a rate
determined by the gate-source circuit impedance.

[II. APPLICATION

The waveforms shown in the paragraph above are
idealized, theoretical curves. In reality the currents
and voltages rise or fall follow exponential, not linear
functions. In the theoretical example we assumed also
a constant current source used to charge the MOSFET
gate. In reality the drive circuit can be more
complicated than the circuit shown in the first section
and do not provide a constant current to the gate. So
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the switching times could not be casy calculated as a
ratio between the charge and a constant current value.
L.et's consider the circuit below.
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[tg 5 PWM control circuit

Where:

uC is a Texas Instruments microcontroller
IRL3705N is a HEXFET power MOSFET from
International Rectifier

MBRB1045 is a Schottky power diode from ON
Semiconductor

MMBT3804 is a small signal general purpose
bipolar transistor from ON Semiconductor and is
used to provide a switching monitor signal 1o 1C2
Load is the DC motor coil

We approach scparately the turn on and the turn off
cases.

3.1 Specifications

Supply voltages are:

VBATT = 14V

- VDD=35V

The circuit load is a DC motor with 14V/12A nominal
values. The specifications for PWM micro input are
1% to Y0% duty cvele and 9600H7 frequency.

e us. he following mo..l fo. th. mic.ocont.oll_.
output pin:

Vb

4
—t

A SS

Dutput

Fig 6 Microcontroller output pin imode)

We note Rdson_high and Rdson_low the “on”
resistance of the two transistors figured above. that
will model the logic states *0™ and 1™ of the output.
The values of Rdson_high and Rdson_low are picked
up trom the device datasheet:
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Rdson_high = 200Q
Rdson_low = 135Q

Other parameters of interest are:

Q2 parameters:

VBE saturation; value picked up from device
datashect VBE = 0.65V

IB_Q2 when Q2 is saturated. This value can be
calculated  from  the circuit that drives QI
modeled as below. when microcontroller output

is logic 17,
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Fig 7 Electrical model of Q1 drive circuit
From Millman theorene:
I'DD . I'BE Q2
1OH = RdsTn_htgh l Rl+Rl2 )
—_—— . + —_— + ———
Rdson high R3 Rl1+R2
and
I -V'BE_Q
B_Q2= OH - 1'BF _ Q2 2)
Rl + R2

The same circuit can be used to calculate QI gate to

source voltage when micro output is logic =17

1'GS _high =

RI-VBE Q2+ R2-VOl

TS = 4.6541" (3)

e QI parameters:

- VGS(ph) - as in section above is the value of Q1
gate voltage when the drain current achieves the
maximum available. entorced by the circuit.

This  value is picked up ftrom the transter

characteristics of the device:

T,z 25°C] o
T3z 118°C

lg Dranti-Source Current:4»

Wopad 8%
20ps PULSE W IDTH

¥3s  Gale-h-Source Vollage 1y ¢
Fig 8 IRL3705N Transter Charactenstics

Qgs - gate to source charge.

Qgd - gate w drain charge

Qg_res - gate charge consumed to rise gate 10
source voltage trom VGS(pl) to VGS_high.
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The signitiances of these three parameters were
presented in the section I1.

The values of Qgs, Qgd and Qg should be evaluated
using device datasheet, gate charge vs. gate to source
voltage diagram:
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The diagram above should be adjusted for our
operation point: VGS(phH=2.75V, VGS_high=4.654V
and VBATT = 14V and we obtain;

Qgs = 24nC

Qgd = 10nC

Qg_res =25.834nC

3.2 Turn-on switching characteristics

The tum-on delay time td(on) is the time interval
between the moment when the gate to source voltage
(VGS) start 1o increase and the moment when drain to
source voltage (VDS) starts 1o decrease.

The rise time of the microcontroller output voltage is
much lower than the FET switching time therefore we
can neglect it. The switching time of Q2
(MMBT3904) is also much lower than FET switching
time therefore we can assume that Q2 goes into
saturation almost instantaneously.

The Q1 gate charging current is not a constant current
during the FET state transition.

The 1G_ch waveform looks like in the figure below:
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Fig 10 Gate charging current

In the turning-on moment (t0) the gate to source
voltage of QI is low and the micro output voltage
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goes up. 1G ch rises very fast to the peak value that
can be defined as:

V.
1G _ch(10) = DD

Rdson _high + Rl

4)

From (0 to ti IG_ch falls during the charging of the
gate to source capacitance. In the t1 moment Cgs is
charged, the gate charge is Qgs and VDS starts to fall.
The interval t! - t0 is turn-on delay time of FET
driver. The t1 moment corresponds to the VGS(pl).

At the t! moment the gate charging current is
calculated as the ratio between the difference VDD -
VGS(p!) and the sum R1 + Rdson high like in the
following cquation:

VDD - ¥GS(pl)
Rl + Rdson _ high

IG _ch(tl) = (5)

1G_ch(tl) is actually the charging current of Miller
capacitance and is required to achieve Qds.
We calculate Q2 base current as:

VGS(pl)-VBE Q2
R2

IB_Q2= (6)

Because from t0 to t1 the IG_ch waveform is almost
linear, we assume that the gate charging current
required by Qgs is the average current on tl1-t0 time
interval minus Q! base current:

IG_chit0)+IG _

. A 15 g2

IG ch=

So.

Qgs

1d = 8
©0m =76 eh (8)

Fall time tf is defined as the ratio between gate to
drain (Miller) charge and the gate charging current
calculated above at the t1| moment:

To calculate tf we use the diagram shown in
paragraph above.

Qgd

=_—=27 9
IG _ch(t) ®

i

For the power dissipation estimation we need also the
current drain time characteristics.

We note the time interval between the moment when
the VGS starts to increase and the moment when the
drain current starts to increase with td_ID_rise and we
will calculate it using fig.3.

Mathematically td _ID rise is equal with the ratio
between the gate to source charge corresponding to
the VGS threshold and the gate charging current.

td _[D rise= _____ng(L GS(eh)

10
IG_ch(f1.12) (o)
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Where Qgs(VGS(th)) can be estimated from the
diagram presented in fig. 10 and 1G_ch is the gate
charging current calculated as the average between the
gale charging current at t1 and gate charging current
at (2 minus the Q1 base current:

IG _cht)-1G _chu2)

IG _ch(rl.2) =

, 2 (1
VGS(ph-VBE _Q2
R2
The current drain rise time is:
tr _ID=td(on)y—td D rise (12)

3.2 Turn-off switching characteristics

The turn-off delay time is the time interval between
the moment when the gate 1o source voltage (VGS)
start to decrease and the moment when drain to source
voltage (VDS) starts to increase. We will caleulate it
using fig. 4.

The rise lime of the microcontroller output voltage is
25ns much less than the FET switching time therefore
we can ncgleet it. The switching time of Q2
{(MMBT3904) is also much lIcss than FET switching
time therctore we can assume that Q2 cuts off almost
instantancously.  The gate discharging  current
wavelorm s similar  with the charging current
wavelorm. In the turning-ofl’ moment (10) the gate 10
source voltage ot Q1 is high and the micro output
voltage goes down. At t0 1G_disch has the peak value
and starts to decreasc following the decreasing of the
VGS until th moment when VGS reaches the VGS(pl)
value. The time interval t1 - t0 is the turn oft delay
ume of the FET driver.

The peak value of discharging current:

G _dischit0) = —C5=118" 3
- Rdson _low + RI
The discharging current at tl:
1GS
IG _ disch(il) = GS(pl) (14)

Rl + Redson _fow

We assume that the gate discharging current required
10 caleulate td(of1} is the average current on t1-10 time
interval:

IG _disch(10)+ ]G _disch(t])
2

(15)

IG disch _avg =

And
Og

I (16)
1G _disch _avg

td(on) =

To calculate drain to source voltage rise time tr we
usc the same fig. 4. Mathematically tr time is detined
as the ratio between gate to drain (Miller) charge and
the gate discharging current caleulated at tl moment:

tr= __Q=d (7
IG _disch(tl)
For power calculations too we need to find the
MOSFLT current drain fall time.
From fig. 4. that is the time interval between the 2 o
13. Mathematically drain current fall time is the ratio
between the gate 10 source charge (from t2 to t3) and
the gate discharging current. IG_disch23 - thc average
between the gate discharge current at the t2 moment
and the gate discharge current at the t3 moment.

VGS(pl)

Rl + Rdson _low
FGS(pl) - VGS(th)

Rl + Rdson_ low
IG _ disch(13) + IG _ disch(12)

2

Ogs — Qgs(th)

1G _disch23

IG_ disch(t2) = (18)

(19}

IG _dischit3) =

IG disch2} = 20)

iy _ID= 20

3.3 Numerical results. waveforms and measurements

Using the equations from sections above we can put
the results of the switching characteristic analvsis for
the presented example in tabular form as below.

All calculations are done using Mathcadl 1.

Tablc 1. Parameters

Parameter| Value Remarks

VBATT 14V|Circuit specification

VDD 3V|Circuit specification

VBE QI 0.65V|Datashect specification

ID 10.8A( For 90% duty cycle. 1.16Q2
equiralent load resistance.
neglecting Rds(on) of Q1

Rdson_high| 200Q|Datasheet specitication

Rdson_low 133 Datasheet specification

Qgd 24C|Evaluated from fig. 10

Qgs 10C|Evaluated from fig. 10

Qg 25.83C|Evaluated from fig. 10

Qgs(th) 5.455C|Evaluated from fig. 10

R 2000|Circuit specitication

R2 5100Q|Circuit specification

R3 30k|Circuit specification

V(GS(th) 1.5V|Datasheet specification

VGS high | 4.654V|Calculated. cq. (3)

VGS(pl) 2.75V|Evaluated from fig. 9

Table 2. Results

Parameter| Value Remarks

td(on) 1.156pus|drain voltage ~on™ delay time

1§ 4.604ps|drain voltage fall time

tr 1D 0.35 1 us|drain current rise time

td(ofT) 2.338us|drain voltage “off " delay time

Ir 2.924usl|drain voltage rise time

tf ID 0.76 lusjdrain current fall time
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Using these values we can build drain current and
drain voltage waveforms during one period of the
micro output signal, assuming 10% duty cycle:
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Fig. 11 - Drain current and drain  oltage waveforms

From the graph above can be easy deduced the power
dissipation waveform.
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Fig. 12 - Power dissipation waveform during switching

Numerically,

- Pmax = 151.2W — maximum peak power

- Pon=1.633W - “on” state power dissipation
- Poff=0.35mW - “off” state power dissipation
- Pavg=7.745W — average power on a period

Another important issue related by the PMW control
type is the variation of the output pulse width induced
by components’ tolerances and other parameters’
variations. For the present example, we can achieve a
maximum variation of output pulse width by:

At- = 8.2209us

Att+ = 6.817us
The values are calculated based on the equations
presented in the section above, taking into account the
variations specified in the design specs or in the
components’ datasheet. To determine the sense of
each parameter influence we used the first derivative
of the input-output functions.
Is easy to see that for a certain value of duty cycle -
let’s say 10% - those variations are significant, almost
100% of output pulse width.
The theoretical analysis was verified by lab
measurements and the real results are very close to
theoretical results.

The oscilloscope traces obtained from lab
measurements on the circuit are shown below:
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Fig. 13 - Scope traces
Where
- 1 - Ql drain voltage waveform
- 2-=i~oot=trefm

- 3-Ql gate to source voltage waveform
- 4 - micro output current waveform

IV. CONCLUSIONS

Present paper wants to be a useful too! for the
engineers involved in the designs those use
MOSFETs to drive inductive loads or imply the PWM
control of DC motors.

The analyses presented above would help the design
eng'neers to unders and the " ehavior 0" a MOSTET
during switching and the influence of the drive circuit.
It could help they to choose the right values of the
circuit parameters and refine the design to make the
circuit working properly.
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