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All industrial servo drives require some form of compensation often referred to as proportional,
integral, and differential (PID). The process of applying this compensation is known as servo
equalization or servo synthesis. In general, commercial industrial servo drives use proportional, and
integral compensation (P1). It isthe purpose of this discussion to anayze and describe the procedure for
implementing Pl servo compensation.

The block diagram of figure 1 represents dc and brushless dc motors. All commercial industrial servo
drives make use of a current loop for torque regulation requirements. Figure 1 includes the current loop
for the servo drive with PI compensation. Since the block diagram of figure 1 is not solvable, block
diagram algebra separates the servo loops to an inner and outer servo loop of figure 2.
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For this discussion aworst case condition for alarge industrial servo axis will be used. The following
parameters are assumed from thisindustrial machine servo application:

Motor - Kollmorgen motor - M607B



Machine dide weight - 50,000 Ibs
Ball screw: Length - 70 inches
Diameter - 3inches
Lead - 0.375 inches/revolution
Pulley ratio - 3.333
Jr = Total inertiaat the motor= 0.3511 Ib-in-sec?
te = Electrical time constant = 0.02 second = 50 rad/sec
tl = te
Ke = Motor voltage constant = 0.646 volt-sec/radian
K+ = Motor torque constant = 9.9 Ib-infamp
Ke = Amplifier gain = 20 volts/volt
Kie = Current loop feedback constant = 3 volts/40A= 0.075 volt/amp
Ra = Motor armature circuit resistance = 0.189 ohm
Ki = Integra current gain = 735 amp/sec/radian/sec

The first step in the analysisis to solve the inner loop of figure 2. The closed loop response I/e;= G/1+GH
where:

G= VR, (te St1) = 5.29/[t.S+1] (5.29=14.4dB)

GH = 0.646 x 9.9/[0.189x0.3511[(teS+1) 9]

GH=96/9t.S+1] 96 =39dB

VH = }SKe Kt =0.35115/0.646 x 9.9

/H=0.054S (0.054 =-25dB)

Using the rules of Bode, the resulting closed loop Bode plot for 1/e; is shown in figure 3. Solving the closed
loop mathematically :
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where: t, =JrRy =0.3511 X 0.189  =0.01 sec, Wy=L/ty, = 100 ralsec
KeKr 0.646x9.9
te=0.02sec W, = Ute=50rad/sec

For agenera quadratic-
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Fia 3 Current inner loop

Having solved the inner servo loop it is now required to solve the outer current loop. Theinner servo loop is
shown as part of the current loop in figure 4.
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In solving the current loop, the forward loop, open loop, and feedback loop must be identified as follows:

The forward servo loop-



G=_K{Ksx0.054(0.025+1) = 735x 20 x 0.054 (0.025+1)

0.0002 2 +0.01S+1

G = 794(0.02 S+1)

= 15.88S+ /A4

0.0002S% +0.01S+ 1

0.0002%% + 0.01S + 1

0.00025% + 0.01S + 1

Where: K¢ =20 volt/volt

Kie = 3/40 = 0.075 volt/amp
KiKs x 0.054 794 (58 dB)
Ki =794/(20 x 0.054)=735

G = 79,400S + 3,970,000

S’ + 50 S+ 5000

The open loop-

GH=0.075x 79,400S +3,970,000

S + 50S + 5000

GH = 5955S + 297,750

S+ 50S + 5000
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The feedback current scaling is-
H = 3 volts/40 amps = 0.075 voltgamp 1/H=1333=224dB

The Bode plot frequency response is shown in figure 5. The current loop bandwidth is 6000 radians/second
or about 1000 Hz, which isredistic for commercia industrial servo drives.

The current loop as shown in figure 5 can now be included in the motor servo loop with reference to figure 2
and reduces to the motor servo loop block diagram of figure 6.
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The completed motor servo loop has aforward loop only (as shown in figure 6) where:

Jr = Total inertiaat the motor = 0.3511 |b-in-sec?
K+ = Motor torque constant = 9.9 Ib-infamp

G=133x9.9 = 375 (51.5dB)
35115 ((jw/6000) +1) S(0.000166S + 1)

G=_ 375 = 2.250,090
0.0001665°+S+0 S*+6000S+0

Vo= Ko x[1] =99  x 131(0.02S+ 1)
e JS |v| 03511S 0.00000331S*+0.02S+ 1

Vo= 375 (0.02S + 1)
e S0.00000331 (S + 50)(S + 5991)
Vo= 375(0.025+1)

e  S0.00000331 x 50 x 5991 ((S/50) + 1)(((§/5991) + 1)

Vo=_ 375(0.02S+ 1)
e  S(0.02S+ 1)(0.000166S + 1)

Vo=_ 375

e S((jw/5991) + 1)
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Fia7 Mot.&l loop frea. resnonse

The Bode frequency response for the motor and current loop is shown in figure 7. The motor and current
closed loop frequency response, indicate that the response is an integration which includes the 6000 rad/sec
bandwidth of the current loop. Thisisaredistic bandwidth for commercial industrial servo drives.

Usualy this response is enclosed in a velocity loop and further enclosed in a position loop. However, there
are some applications where the motor and current loop are enclosed in a position loop. Such an arrangement

isshowninfigure 7a
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The forward loop transfer function is

K

G=—— v
S°((jw/6000) + 1)
Where K, = K, x 375

For most large industrial machine servo drives a position loop k, =1 ipm/mil or 16.6 rad/sec can be
assumed. The frequency response for the position loop is shown in figure 7b. This response is obviously
unstable with aminus 2 slope at the zero gain point. It is aso obvious that there are two integrators in
series, resulting in an oscillator. If a velocity loop is not used around the motor and current loop, some
form of differential function is required to obtain stability. By adding a differential term at about 10g
rad/sec in figure 7b, the response can be modified to that of a type 2 control which could have
performance advantages. The absence of the minor velocity servo loop bandwidth could make it
possible to increase the position loop velocity constant (position loop gain) for an increase in the

position loop response.
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velocity servo loop. Such an arrangement is shown in figure 8.
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The servo compensation and amplifier gain are part of the block identified as K. Most industrial servo
drives use proportional plus integral (Pl) compensation. The amplifier and Pl compensation can be
represented asin figure 9%,
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The adjustment of the PI compensation is suggested as-

1.For the uncompensated servo Bode plot, set the amplifier gain to avalue just below the level of
instability.

2. Note the forward loop frequency (wg) at —135 degree phase shift (45 degrees phase margin) of
figure 12.

3. From the Bode plot for PI compensation of figure 10, the corner frequency w, = Ki/K, should

be approximately wg/10 or smaller as a figure of merit'. The reason for this is that the attenuation
characteristic of the Pl controller has a phase lag that is detrimental to the servo phase margin. Thus the
corner frequency of the Pl compensation should be lowered about one decade or more from the —135
degree phase shift point (wg) of the open loop Bode plot for the servo drive being compensated. For the
servo drive being considered, wy occurs at 6000 rad/sec.
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Fia10 Pl Compensation

Applying the Pl compensation of figure 9, to the velocity servo driveis shown if figure 11.
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In general the accepted rule for setting the servo compensation begins by removing the integral and/or
differential compensation. The proportional gain is then adjusted to alevel where the vel ocity servo response
isjust stable. The proportional gain isthen reduced dightly further for amargin of safety.

For again K,=1000 of the uncompensated servo, the Bode plot is shown in figure 12. It should be noted
that the motor and current loop have a bandwidth of 6000 rad/sec as shown in figure 7. Thisis anormal
response for industrial servo drive current loops. The transient response for this servo is shown in figure



13 as a damped oscillatory response. If the gain K is reduced to a value of 266 for a forward loop gain
of 100,000, the Bode plot is shown in figure 14 with a stable transient response shown in figure 15.
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At this point the PI compensation is added as shown in figure 11. The index of performance for the PI
compensation is that the corner frequency w, = Ki/K,, should be a decade or more lower than the —135

degree phase shift (45 degree phase margin) frequency (wg) of the forward loop Bode plot (figure 14)
for the industrial servo drive being considered”.

With reference to figure 14 of the stable uncompensated servo, the —135 degree phase shift (45 degree
phase margin) occurs at 6000 rad/sec frequency which is aso the bandwidth of the motor/current |oop.
Using the index of performance of setting the PI compensation corner frequency at one decade or more
lower in frequency that the —135 degree phase shift frequency point, the corner frequency should be set
at 600 rad/sec or lower. With the corner frequency of the PI compensation set at 600 rad/sec (0.001666
sec) the compensated servo is shown in the Bode plot of figure 16. The transient response is shown in
figure 17 as a highly oscillatory velocity servo drive. Obviously this servo drive needs to have the P
compensation corner frequency much lower than one decade (600 rad/sec) index of performance. For a
two decade, 60 rad/sec (0.0166 sec) lower setting for the Pl corner frequency the Bode response is
shown in figure 18 with a transient response shown in figure 19 having a single overshoot in the output
of the velocity servo drive.

By lowering the PI compensation corner fequency (w, = %) to 20 rad/sec (0.05 sec), a stable velocity
p
servo drive results. The forward loop and open loop are defined as follows:

H = 0.0286 v/rad/sec I/H =349 (30.8dB)
Gain @ w=1 rad/sec = 100 dB = 100,000

K2 = 100,000/375 = 266

G = K x 375 ((jw/20)+1) = 100,000 ((jw/20)+1) (100 dB)
S ((jW/6000)+1) S ((jw/6000)+1)

G = 100,000 (0.05S+1) =5000S + 100,000
S (0.000166S+1) S*(0.000166S +1)

G = 30,120,481S + 602,409,638
S® + 60245 + 0S+ 0

GH =0.0286 x G = 2860 ((jw/20)+1) (69 dB)
S ((jw/6000)+1)

The Bode plot for the velocity loop with PI compensation is shown in figure 20, having atypica industrial

velocity servo bandwidth of 30 Hz (188 rad/sec). The tansient response is stable with a dight overshoot in
velocity as shown in figure 21.
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POSITION SERVO LOOP COMPENSATION

Having compensated the velocity servo, it remains to close the position servo around the velocity servo.
Commercid industrial positioning servos do not normaly use any form of integra compensation in the
position loop. Thisisreferred to as a*“naked” position servo loop. However, for type 2 positioning drives, Pl
compensation would be used in the forward position loop. There are also some indexes of

performance rules for the separation of inner servo loops by their respective bandwidths®. The first index of
performance is known as the 3 to 1 rule for the separation of a machine resonance from the inner
velocity servo. All industrial machines have some dynamic characteristics, which include a multiplicity
of machine resonances. It is usually the lowest mechanical resonance that is considered; and the index of
performance is that the inner velocity servo bandwidth should be 1/3 lower than the predominant
machine structural resonance.

A second index of performance is that the position servo velocity constant (K,) or position loop gain,
should be ¥ the velocity servo bandwidth®. These indexes of performance are guides for separating
servo loop bandwidths to maintain some phase margin and overall system stability. Industrial machine
servo drives usually require low position loop gains to minimize the possibility of exciting machine
resonances. In general for large industrial machines the position loop gain (K,) is set about 1 ipm/mil
(16.66/sec). The example being studied in this discussion has a machine slide weight of 50,000 Ibs.,
which can be considered a large machine that could have detrimental machine dynamics. There are
numerous small machine applications where the position loop gain can be increased several orders of
magnitude. The technique of using a low position loop gain is referred to as the “soft servo”. A low
position loop gain can be detrimental to such things as servo drive stiffness and accuracy. The “soft
servo” technique also requires a high-performance inner velocity servo loop. This inner velocity servo
loop with its high-gain forward loop, overcomes the problem of low stiffness. For example, as the
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machine servo drive encounters a load disturbance the velocity will instantaneously try to reduce,
increasing the velocity servo error. However the high velocity servo forward loop gain will cause the
machine axis to drive right through the load disturbance. This action is an inherent part of the drive
stiffness’.

For this discussion it will be assumed that the industrial machine servo drive being considered has a
structural mechanica spring/mass resonance inside the position loop. The machine as connected to the
velocity servo drive is often referred to as the “servo plant”. The total machine/servo system can be
simulated quite accurately to include the various force or torque feedback loops for the total system®.
For expediency in this discussion, a predominant spring/mass resonance will be added to the output of
the velocity servo drive. Thus the total servo system is shown in the block diagram of figure 22.
Position feedback is measured at the machine slide to attain the best position accuracy.

VELOCITY SERVD MACHINE RESOMNANCE
34.9 VEL. | | a8 | 5
0.477 : — &
L0335+ 1) 5 s* 28 |
Wi Wy 5+
a=10.1

K, =0.477 %349 = 16.66/SEC = | H

FIGURE 22 POSITICN LOOF BLOCK DIAGERAM

As stated previoudly, the index of performance for the separation of the velocity servo bandwidth and
the predominant machine resonance should be 3 to 1; where the velocity servo bandwidth is lower than
the resonance. The machine resonance is shown if figure 22 as w;. Since the velocity servo bandwidth of
this example is 30 Hz (188 rad/sec) as in figure 20, the lowest machine resonance should be three times
higher or 90 Hz (565 rad/sec). It is further assumed that this large machine side has roller bearing ways
with a coefficient of friction = 0.01 Ibf/Ib, and a damping factor (6 = 0.1). Additionally, this industrial
servo driven machine dlide (50,000 Ibs) will have a characteristic velocity constant (K,) of 1 ipm/mil
(16.66/sec). This large machine was used for this discussion as a worst case scenario since the large
weight aggravates the reflected inertia and machine dynamics problems. Most industrial machines are
not of this size. The closed loop frequency response with a mechanical resonance (w;) of 90 Hz (565
rad/sec) is shown in figure 23. A unity step in position transient response is shown in figure 24. These
are acceptable servo responses for the machine axis being analyzed.

In reality a machine axis weighing 25 tons will have structural resonances much lower than 90Hz.
Machine axes of this magnitude in size will characteristically have structural resonances of about 10Hz
to 20Hz. Using the same position servo block diagram of figure 22 with the same position loop gain of
1 ipm/mil (16.66/sec), and a machine resonance of 10 Hz; the servo frequency response is shown in
figure 25 with the transient response shown in figure 26. The position servo frequency response shows a
8 dB resonant (62.8 rad/sec) peak over zero dB, which will certainly be unstable as observed in the
transient response. Repeating the position servo analysis with a 20 Hz resonance in the machine
structure, resultsin an oscillatory response as shown in figure 27 and 28.

One of the most sgnificant problems with industrial machines is in the area of machine dynamics.
Servomotors and their associated amplifiers have very long mean time before failure characteristics. It is
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quite common to have an industrial  velocity servo drive with 20 Hz to 30 Hz bandwidths mounted on a
machine axis having structural dynamics (resonances) near or much lower than the interna velocity servo
bandwidth. There must be some control concept to compensate for these situations. There are a number of
control techniques that can be applied to compensate for machine structural resonances that are both low in
frequency and inside the position servo loop. The first control technique is to lower the position loop gain
(velocity constant). Depending on how low the machine resonance is, the position loop gain may have to be
lowered to about 0.5 ipm/mil (8.33/sec.). This solution has been used in numerous industria positioning
servo drives. However, such a solution also degrades servo performance. For very large machines this may
not be acceptable. The index of performance that the position loop gain (velocity constant) should be lower
than the velocity servo bandwidth by afactor of two, will be compromised in these circumstances.

A very useful control technique to compensate for a machine resonance is the use of wien bridge notch
filters®’. These notch filters are most effective when placed in cascade with the position forward servo loop,
such as at the input to the velocity servo drive. These notch filters should have a tunable range from
approximately 5 Hz to a couple of decades higher in frequency. The notch filters are effective to compensate
for fixed machine structural resonances. If the resonance varies due to such things as load changes, the notch
filter will not be effective. There are commercia control suppliers that incorporate digital versions of anotch
filter in the control; with afuture goal to sense a resonant frequency and tune the notch filter to compensate
for it. Thiscontrol technique can be described as an adaptive process.

Another technique that has been very successful with industrial machines having low machine resonances, is
known as “frequency selective feedback®®™. This control technique is the subject of another discussion.
In abbreviated form it requires that the position feedback be located at the servo motor eliminating the

mechanical resonances from the position servo loop, resulting in a stable servo drive but with
significant position errors. These position errors are compensated for by measuring the machine slide
position through alow pass filter; taking the position difference between the servo motor position and
the machine slide position; and making a correction to the position loop; which is primarily closed at
the servo motor.

Conclusions

Commerciad industrial electric brushless DC servo drives use an inner current/torque loop to provide
adequate servo gtiffness. The servo loop bandwidth for the current loop is usually about 1000 Hz. In analysis
this servo loop is often neglected because of its wide bandwidth. Including the current loop as in figure 2,
resultsin amotor and current loop response (figure 7) that is an integration with the current loop response. A
classica servo technique is to enclose the motor/current loop in a velocity servo loop. Since most
commercia industria brushless DC servo drives have position feedback from the motor armatrure for the
purpose of current commutation; this signa is differentiated to produce a synthetic velocity |oop.
Additionally, commercia industrial servo drives use proportiona plus integral (Pl) servo compensation to
stabalize the synthetic velocity loop.

The PI type of compensation has a corner frequency that must be a decade or more lower in frequency than
the 45 degree phase shift frequency of the uncompensated open loop Bode plot . This requirement is needed
to avoid excessive phase lag from the Pl compensation where the open loop 45-degree phase shift frequency
occurs. Commercia industrial electric servo drives have a very long mean time between failure, and
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therefore are very reliable. The servo plant (the machine that the servo drive is connected to) has consistent
problems with structural dynamics. When these mechanical resonances have low frequencies that occur
within the servo bandwidths, unstable servo drives can result. The solution to such a problem can be a
degradation in performance by lowering the position loop gain; using notch filters to tune out the resonance;
or using acontrol technique referred to as“frequency selective feedback>®".
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