maxon motor

PWM -Scheme and Current ripple of Switching Power Amplifiers

Abstract

In this work current ripple caused by switching power amplifiers is analysed for the
conventiona PWM (pulsewidth modulation) scheme and three-level PWM-scheme.
Simplified models for estimation are introduced for the selection of the switching frequency
and the inductance in series for a certain dc motor.

Introduction

Up to now dc servo motors are widely applied in small power drives because of their
simple control strategy and high performance. In order to keep small power losses in the
power circuit, switching power amplifiers based on power MOSFETS are often used in such a
system. However, switching amplifiers produce current ripple, which is strongly associated
with the PWM-scheme used in the power amplifier, the switching frequency and the
inductance in the circuit. This current ripple will cause power losses in the winding and eddy
current losses in the iron core. A large current ripple may cause commutation problems and
even shorten the life time of a motor. For these reasons the amplitude of the current ripple
must be limited in adc motor to an acceptable value (typicaly < 10% ).

In general, the amplitude of current ripple is reduced by increasing the indutance in the
main circuit or by increasing the switching frequency of the power amplifier. It isaso possible
to adopt a proper PWM-scheme. In this work the current ripple will be discussed for two
mainly used PWM schemes: conventional bipolar PWM and three-level PWM.

Power circuit

The switching power amplifier often used is adc chopper as shownin Fig. 1. Inthe circuit
the load of a dc motor is described with R-L-E, in which E is the induced voltage of the rotor
winding, proportional to the speed of rotation. Rand L are the resistance and inductance of the
rotor winding, respectively.

According to the flow path of the current in the circuit, there are eight different working
states, which are shownin Fig. 2 (a)-(h).
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Fig. 1 DC chopper of dc drives
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Fig.2 Operating states of a chopper for dc servo-drive
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Pulsewidth Modulation

The basi ¢ philosophy of switching amplifiersisthat of pulse control in which the durations
of positive, negative and zero pulses are controlled to obtain the desired average output. There
are severa basic principles: pulsewidth modulation (PWM), pulse frequency modulation
(PFM) and current hysteresis control (CHC). For the dc servo drive, the first principle is
mainly used. According to the waveform of the output voltage, there are two-level PWM-
schemes and three-level PWM-schemes. A conventional scheme is atwo-level PWM. In this
scheme the two power switches S;, S, inFig. 1 are controlled with the same switching signa S
and the other two switches S,, S; are controlled inversely with /S, as shown in Fig. 3. The
switching signal is produced by the crossing points between the required voltage U, and the
triangle reference voltage Up. The switching frequency of the power switches is constant, and
equals the frequency of the triangle voltage signal. The output voltage Uy is either Uy or -Uge.
The power circuit worksin the four different states as shownin Fig. 2 (a), (b), (c), and (d).

With athree-level PWM-scheme, the output voltage is switched among Ug, 0, and -Ug.. A
commonly used three-level PWM-scheme is the complementary PWM-scheme. As shown in
Fig. 4, two triangle reference signals Up,, Up, in inverse phase are used to generate switching
signals Sz and Sy. In the power circuit, S; is controlled with Syz and S; is controlled inversely
with Sys. S is controlled with Sy, and S; is inversely controlled. With this PWM-scheme, the
eight states of the power circuit in Fig. 2 are fully used to control the current. In Fig. 4, the
conduction states of the circuit are indicated with a...h, corresponding to the statesin Fig. 2
(@)...(h). The output voltage appears at three levels, + Uy, 0, and -Ug.. The pulsewidth of Uy, or
-Uqc isproportional to the required voltage U,, and in the rest of the period, the output voltage
is zero. The advantages of this PWM-scheme are: the amplitude of current rippleis very small
when the induced voltage near zero (the motor works at a low speed), and the switching
frequency is only half the frequency of the output voltage pulses. With the application of the
complementary PWM-scheme, therefore, the switching frequency as well as the amplitude of
current ripple in the motor can be reduced compared to the conventional PWM discussed
above.

There are aso other three-level PWM-schemes for the dc chopper. For instance the PWM-
scheme used in MINIPOS is aso a three-level PWM, in which the switches S, and S, are
controlled according to the polarity of the required voltage, and S, and S; are switched by a
PWM signal produced by amicrocontroller. The switching frequency of S; and S;, however, is
the same as the frequency of the output voltage pul ses.
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Current ripple of adc chopper

Different from an linear power amplifier, the switching power amplifier is a discontinuous
element. The output voltage is a pulse series producing current distortion or current ripple in
an inductive load. These current harmonics are sesponsible for extra power lossesin the power
circuit and the rotor winding, and eddy current losses in the iron core of the dc motor. A large
current ripple may even cause commutation difficulties in the motor and overcurrent fault in
the power amplifier athough the dc current component is below the rating value. In this
section the relation between the amplitude and switching frequency as well as the working
point of a dc motor will be studied and formulas will be given for the calculation of current
ripplein the conventional PWM-scheme and the complementary PWM-scheme.

As discussed above, the output voltage is only two-level when the conventional PWM-
scheme is used to control the power amplifier. The current waveform in the rotor winding is
shown in Fig. 5. When the voltage drop across power elements is neglected, the current
equations are given asfollows,
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where T is the switching period T = 1/f, E isthe induced voltage, R, L are the resistance and

y A inductance of the rotor coil, respectively. t is the
0 electrical time constant t=L/R. t, is the pulsewidth
Uge —  of the positive voltage
Im i
ImE — L —N—"N—""TN—""N— -I-S | 'R+ E
0 - tE )
| b t 2 Ugc
1,
i e R L and 1=%(ly +1,) is the dc component of the
Fig.5 Curr_ent waveformwith current.
the conventional PVWM-scheme From Eq. (1) and (2), the peak-peak value of the

current rippleis given as,
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In the steady case, the maximum current ripple appears at 50% duty cycle (t.=T42, E=0,
I=0), and Eq. (3) reducesto,

5

_2UdC 1- e 2t
Dlpom =5 T (4)
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In the same way, the equation of the current ripple (Fig. 6) can be given for a three-level
PWM-scheme. When the voltage drop across the power elements is neglected, the current

rippleis,

Dl =Iy- I
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where T is the pulse period of the output voltage. In the complementary PWM-scheme,
T=1/(2fy), i.e. only half the value of T, and

I > R+ E
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° In the steady case, the maximum current ripple
Ve o 1 1 T appears also a 50% duty cycle (t,=T/2, E=U4/2,
I — I=0), and Eq. (5) reducesto
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Fig. 6 Current waveformwith a
three-level PWM-scheme

In Fig. 7 a comparison of current ripple as a function of the induced voltage of the rotor
coil between conventional PWM and three-level PWM is given at the same pul se frequency of
the output voltage. It shows that the maximum current ripple in the conventional PWM-
schemeis a E=0 and twice as high as in the three-level PWM-scheme where the maximum
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Fig. 7 Comparison of current ripple between the
conventional PWWM-scheme and a three-level PAWM-
scheme
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liesat E=Uq4/2. As aresult, for agiven amplitude of current ripple, the switching frequency of
the complementary PWM-scheme is only one fourth of that of the conventiona PWM-
scheme. Furthermore, since the current ripple of a three-level PWM-scheme is very small at
low speeds, it is particularly appropriate for the positionning tasks of adc motor servo drive.

Practica estimation of the maximum current ripple

In the engineering design of dc servo drives, it is required to determine the switching
frequency and the inductance in order to reduce the maximum current ripple below an
acceptable limit. For this purpose, it is possible to use a ssimple equation to approximate the
current ripple. Here, two approximate equations are given for the conventional PWM-scheme
and the three-level PWM-scheme, respectively.

In the conventional PWM-scheme, the maximum current ripple is given by Eq. (4). When
the pulse period T, of the output voltage is much smaller than the eectrica time constant
(T<<t), Eq. (4) can be simplified to,

U dcTs _ U dc

DI = =
PPM =2 T 2L,

)

The error of the estimation is associated with the ratio T42t. An error smulation is given in
Fig. 8. The error of the estimation will be smaller

than 2% when T<t. 10
To a three-level PWM-scheme, the maximum 8 /
current ripple can aso estimated with a smplified "6
equation from Eq. (6), when T is small enough. G % .
UdCT 2
DI = 8
0 02 04 06 08 1
The result of the error analysis above isvalid aso for ;—ts
Eq. (8)- Fig. 8 Relative error of the estimation

From Eq. (7) and (8), the maximum current ripple is
mainly dependent on the dc-link voltage, the switching frequency, and the inductance of the
circuit.

Practical application of estimation formulas

In practical application, we can use the two approximate formulas to estimate the current
ripplein adc servo motor. On another hand, we can also use them to cal cul ate the inductance
required in the circuit in order to limit the amplitude of current ripple. The condition to use
Eq. (7) and (8) is that the pulse period must be smaller than the electrical time constant of the
rotor coil. For MAXON dc motors, the electrica time constant ranges from 0.08 ms to
0.25ms, corresponding to a switching frequency range from 4 to 12.5kHz. Usualy, the
switching frequency of the amplifiers used for the MAXON motors is higher than 20 kHz.
Therefore, the estimation of the amplitude of current ripple with the equations Eq. (7) and (8)
isreliable. Two calculation examples and a practica measurement to test the cal culated results
aregiven in appendix.
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Conclusion

In this work, the current ripple produced by switching amplifiers for DC MAXON motors
are studied in detail. For practical purposes two simple formulas can be used to estimate the
maximum current ripple and determine the inductance required to limit the current ripple.

Appendix

Example 1:
The calculation of the current ripplein a DC motor supplied with a switching power amplifier,

conventional PWM-scheme

Motor 2260.885-73.216-200

Motor parameter:U,=24V, ,=3.3 A, L,,=560 nH, R,=1.35W

Power amplifier: 4-Q Servo amplifier, MMC-QR060058-05PD00A, Serie Nr. 0633, Uy=48 V,
f=26.7 kHz

Additiona external inductance: Ls=600 nH

o L+ Ls
Electrical timeconstant: t = ? =0.86ms

The maximum current rippleis given by Eq. (4),

1 1
Mg 1-e2'd 2748y 1- e 2267kHZ 0.86ms
Dl ppm = 1= T =0775A
R ) 135W )
1+e€ 21t 1+e 2 26.7kHZ 0.86ms

or the maximum current ripple can be estimated with Eq. (7)

_Uge _ 48V

Dl pom = =
PPM = oLf, 27 116mH " 267kHz

=0.775A

Theresultsfrom Eq. (4) and Eq. (7) are the same.
If the current ripple is to be limited to below 10% of I, the total inductance in the circuit
according to Eq. (7) should be,

Uge 48V

L= =
2Dl pw fs 27 10%  33A" 267kHz

= 2724mH

Hence, the extrainductance in serieswith therotor coil isnow (instead of 0.6 mH),

L¢=L- Ly=2724mH - 0.56mH = 2.164mH

Or the switching frequency should be increased without any other inductance in series,
according to Eq. (7),

U gc 48V

fo= =
° 2" Dippw Lm 27 10%  33A° 056mH

=130kHz
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Example 2:

The calculation of the current ripplein a DC motor supplied with a switching power amplifier,
three-level PWM-scheme

Motor RE025-055-35EBA201A

Motor parameter: U,=24V, =122 A, L= 240 nH, R,=2.34 W

Power amplifier: MINIPOS, Uy=24 V, =60 kHz

Additiona external inductance: Ls~=400 nH

L Lm+ Ls
Electrical timeconstant: t = ? =0.274ms

The maximum current rippleis given by Eq. (6),

1 1
Us 1-e 2fd 24/ 1- e 2 60kHZ 0.274ms
D ppM e 1 - =0156 A
R ) 2.34W ) 1
1+¢ 2fd 1+e 2 60kHZ 0.274ms

or the maximum current ripple can be estimated with Eq. (8)

_Uge 24V

Dl ppu = ALf, ~ 47 064mH " 60kHz

=0.156A

If the current ripple is to be limited below 10% of I,, the total inductance in the circuit
according to Eq. (8) should be,

Uge 2N
4Dl pom fs 47 10% " 1.22A" 60kHz
Then, theinductancein seriesis now (instead of 0.4 mH),

L=

=0.82mH

Ls=L- L,=0.82mH - 0.24mH = 0.58mH

Or the switching frequency should be increased without any other inductances in series,
according to Eq. (7),

"~ 4" Dippy  Lm 47 10% 122A° 0.24mH

fg = 205kHz

Note: in this example, the dc-link voltage Uy equals the rating voltage of the dc motor U,. In
order to keep the dynamical performance of the motor near the rating operating point, the dc-
link voltage should be about twice the rating voltage. However, Ups (drain-source)of the
MOSFETsin MINIPOSis50 V, and therefore, the dc-link voltage should be kept below 25 V.
For this reason, MINIPOS power stage is not appropriate for dc motors with a rating voltage
higher than 16 V.
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Practical measurement of current ripple

Motor: 2260.885-73 216-200,

Power amplifier: 4-Q Servo amplifier, MMC-QR060058-05PD00A, Serie Nr. 0633
f=26.7 kHz, Uy, =48V, Ly=600 nH

In the following, two current waveforms of an oscilloscope are shown.
Unit of current measurement: 2.2 A/V

1) Upson = 0V, zero speed Tek Run: | sample

o=
.

Ref1 200mv 20.0Ms

Tek Rur: | sample
1§

T“M mﬁwr‘w%w

R2t

i

2) Unsoll = av, hlgh Speed

Ref2 200mv 20.0us
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