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1. Introduction

The increasing energy cost demands for more efficient motion control systems in domestic
and industrial applications. Power electronics and control can contribute to increase the
efficiency of present systems, but it can also be dealt with new efficient solutions for old
applications.

Instead of using constant speed using variable speed drives in motion control applications
the efficiency of the systems can be increased. The most common control methods used in
drives are V/f control, vector control and direct torque control (DTC) [1]. In continuous
running applications, a small increase in efficiency means a huge energy savings per year.
These continuous running applications are mainly pumps, fans and compressors for
heating, ventilating and air conditioning (HVAC) applications. In these applications where
high dynamics are not required, a simple digital implementation of V/f control can be used
instead of more complex vector or DTC with the same performance [2, 3].

The workhorse for these applications has been the induction motor for years. The induction
motor is a well known motor, a cheap motor, and does not require position sensor to
implement a low-cost control for this kind of applications.

But efficiency can be improved if the induction motor is substituted by a permanent magnet
synchronous motor (PMSM) [4]. However, in permanent magnet synchronous motors, the
stator currents have to be synchronized with the rotor permanent magnet in order to
produce the required torque and not to lose synchronization. For this purpose a rotor
position sensor is required. The need of a rotor position sensor increases the cost and
reduces the reliability. Self synchronization can be achieved using damper windings [5], but
due to cost, efficiency and high-cost, they are generally not implemented in PMSMs [6].
Therefore, it is necessary to develop new control strategies for PMSMs to avoid the use of
the rotor position sensor. Because HVAC applications do not demand for a high
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performance control, the V/f control strategy is suitable for these drives. However, even
using a V/f control strategy for permanent magnet synchronous motors, there is a need in
synchronization for stator currents with the rotor magnet position.

This chapter present a sensorless V/f control for permanent magnet synchronous motors.

2. Park equations of permanent magnet synchronous motors

The Park transformation is useful when modeling a PMSM, since there is no angle
dependent terms appear in equations, providing easy analysis of the system [7].

With the electrical equations in Park variables, it is easy to obtain an expression for the
motor generated torque as a function of electrical variables. This produced mechanical
torque links the electrical world with the mechanical world, and completes the model of the
system. The model equations of the permanent magnet synchronous motor in Park variables
are:

._ R, . Ly,
in, = _L_;zgs + w,,L—ZzgS + Lid (1)
ro_ RS r Ld . Am Ugs
lgs I, lgs — Wr I, Lis I, Wy I, (1.2)
3/m\21 . . 3/m\21 . Bn n
Wy = § (5) g )\mlqs = 5 (a) 3 (Ld LQ) Ldslys ﬂwr - ﬁﬂ (1.3)
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Fig. 1.1. Load angle
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Sometimes, it is useful to define a new variable called load angle [8]. The load angle is the
angle between the stator electrical applied voltage and the emf generated by rotor magnets
when rotating, as can be seen in Figure 1.1. With this new equation, the system equations in
state space variables are defined as

. L Ve SIN O
-1 S .r q .7 s
g = ——19. + Wp—1, . — 14
ds Ld ds ?”Ld qs Ld ( )
. By . Ly. A Vg COS O
== = wr—dzzs — L+ = (1.5)
L, L, L, L,

n\2 1 3/n\21 B n
=] ==k z”"+—(—)—L—L e T Y, .
()Jmm“22 7 (bt~ Lo)tagiqs =7 "wr = 57T 19

5 = we - w'r (1.7)
The above equations are the state space model, but this model contains non-linear terms. To

analyze the stability of the system, a linear model must be obtained.

3. Stability analysis
The non-linear model can be linearized by substituting each variable as [8]
r; = X; + Azx; (1.8)

where 7;is the variable, X;is the steady state value, and Az;is a perturbation from the steady
state value. Then, the linearized system is

Ax = A (X)Ax + B (X) Au (1.9)

Applying this linearization technique to the state space model of the permanent magnet
synchronous motor, the linearized model is obtained as

Atg,
A | _
Ady
AS
_Rs Lqwro Lqlgs _ Vscosdg A
L g L e vlts | [
== =g —1, Lalg +Am) —=F, Aigg
2 r 2 r s
36) 7 La— LTy §(3) 3 Ot (La— L L) 4 L N v
0 0 =1 0
sin dg 0 0
cosLo 0 0 A'Us
+| L 0 | 4§ Awe (1.10)
0 0 —g512 ] | Ay
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3.1. V/f open loop control
When the motor is operated at open loop V/f control, the applied voltage and frequency are
constant, that is

At =10 (1.11)
Awe=10 (1.12)

The stability of the system is determined by the eigenvalues of the state matrix A(X). In open
loop V/f control strategy with no-load, the motor produces no torque. Then, Iy, = 0. In

order to minimize the losses, Ig ¢ is also 0. In this case, the applied voltage must only
compensate the emf in the ¢ axis, Vs = wyAm = V; and V, = 0. Substituting this steady
state conditions in the state matrix A(X) it is possible to obtain the stability characteristic of
the system. Figure 1.2 shows the root locus diagram of the permanent magnet synchronous
motor in an open loop V/f control at no-load as a function of stator frequency w.. For this
figure the motor data can be found in Appendix A.

As seen in Figure 1.2, the motor becomes unstable above 100 Hz operation, i. e. half of the
rated frequency. The most left poles are the named stator poles, and represent the fast
electrical stator dynamics [9, 8]. The most right poles are named the rotor poles, and
represent the slow mechanical dynamics. A poor coupling between the rotor and stator
poles causes this instability [10, 11].

Figure 1.3 shows the dominant poles at different load levels. As seen, the stability
characteristic is not modified with the load level.

Figure 1.4 shows this instability in a real system. As seen, at low frequency, the motor is

stable (Figure 1.4(a)), but when increasing the frequency the motor becomes unstable
(Figures 1.4(b) and 1.4(c)).
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Fig. 1.2. Root locus of the permanent magnet synchronous motor operating at no-load in an
open loop V/f control strategy
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Fig. 1.5. Block diagram of the small signal model operating at V/f open loop control strategy

4. Stabilization of the V/f control in permanent magnet synchronous motor

The open loop V/f control does not assure the synchronization between stator currents and
rotor position needed. If this synchronization is lost, the motor becomes unstable above a
rotating frequency, as seen in section 1.3.

In order to operate the motor in a V/f control, a synchronization method is needed. The
method proposed in this section is based on the stabilization of the operation of the
permanent magnet synchronous motor in a V/f control strategy.

4.1 Small signal model of the permanent magnet synchronous motor
Assuming that the motor is operating in open loop V/f control, from the linearized model,

the block diagram of Figure 1.5 can be obtained. The expression of %7(;6 is

dan Y 2 1 B B 3 dm R?
AT, 377,)\ (£S+L_d)s +L_d(L_d_2§s>8+er(L_d+Igs)+L_3gs (113)
— ggm PR, , B2 | 32 '
82+“ES+EZ+CUTO

In Figure 1.5, it can be seen that small load torque perturbations produce small rotating
speed perturbations, through mechanical dynamics, that produce small perturbations of the
load angle, that produce small produced torque perturbations.

It can be observed in equation (1.13) that, motor stability is not an explicit function of the
torque in steady state, but, for a given voltage value, the current Igs and therefore,
coefficients in (1.13), are a function of torque. It must also be noted that, combinations of
voltage and torque that gives equal values of I, will have the same stability characteristic.
In control methods that impose I} ,= 0, all the operating points will have the same stability
characteristics [12].

From this model a simplification can be done supposing that the perturbations of T, are
linear with Ad as [10],

AT, = K.AS (1.14)

where K, is the electromechanic spring constant. The electromagnetic torque in steady state

Te is an expression of Vi, wrand dp. Now, the characteristic equation of the system operating
in open loop is

n K.

s 1.15

2 (s+ Bn) 8 (1.15)




Sensorless V/f Control of Permanent Magnet Synchronous Motors 445

AT+ n —Aw,
g
§ 2J (s+B,/J)
AT,
K |« Ad |1 b
s| +
TA(!)

e

Fig. 1.6. Block diagram of the simplified small signal model operating at V/f control strategy
But looking at the model in (1.10), the perturbation of the load angle A can be expressed as

A = /(Awe — Awy) dt (1.16)

and the model of Figure 1.6 can be obtained.

The instability of the permanent magnet synchronous motor described in section 1.3 is due
to the low coupling between the electrical and mechanical modes. This instability shows a
relatively small positive value of the dominant poles of the system. Therefore, a small
damping must be added to the system to stabilize it [12]. In order to add this damping, it is
only necessary to add to the torque a component proportional to the perturbation speed as

dAw
Aw, = —K " (1.17)
e v dt
as seen in Figure 1.7. Now, the characteristic equation is
2B, +n+ KK n
s2 4 =T “ s+ —K,=0 (1.18)

2 2

and the stability characteristic of the system can be determined by K,. This stabilization can
be implemented measuring speed and extracting the perturbation, but then, a speed sensor
is needed.

4.2 Stabilizing using power perturbations

Power perturbations can also be used to modulate the excitation frequency in order to add
damping to the system and stabilize it. The power can be expressed as a steady state value
plus a perturbation as

dWem  [(2\% J,, d 9, @ 9
Pe = Pe -+ Ape = Pp I dt =+ (E) TE(J}E + (E) Bmw? + EwTT'l (1.19)

where the first term are the loses and for small perturbations can be considered constant.
The second term is the variation of the stored magnetic energy, and, however it is not
constant, has a constant average value in an electrical rotation. Then, the power
perturbations can be expressed as
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Fig. 1.7. Block diagram of the small signal model when the applied frequency is modulated
with rotor speed perturbations

oy d At 2
Ape = (_) Jmwro— Awy + 2 (_) BnwroAwy + =TinAw, (1.20)
n dt n n

Looking at equation (1.20) and at Figure 1.6, the excitation frequency can be modulated
proportional to input power perturbations as

Awy = —Kpl\ps =

9 2 2 2 9 1.2
— Kp ((n> mer()% (_Awr) + 2 (E) BmwTO (_AwT) + ECFlO (AwT))( 1)

and the block diagram of Figure 1.8 can be obtained. With this modulation technique, the
characteristic equation of the system is

B S ok, K 2
52 ki ( m eWr0 P) g L —= (n+4aBprwT0+2ﬂoKp) =0 (122

F n 2
AV n Ao,
O_ 2J (s+B,/J,) g
AT

e

®

K A5 y:.
S| +

Aw K”((%)2 J,,,m,oﬁz(%)2 B, +ij ||

e

Fig. 1.8. Block diagram of the simplified smal signal model operating at V/f control where
the applied frequency is modulated with input power perturbations

and the poles of the system are

2
s=— ( . Kew’"oKp) + ( i3 KewTOKP) — (n +42 B Ko + QTLOKP) (1.23)
2Jm n 2Jm n 2Jm n
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It can be seen that the damping of the system can be determined by the value of K, in a
steady state operation point. But, observing equation (1.20), it is possible to see that
imposing a constant value of K, it is not possible to fix the poles of the system in the whole
speed operating range. It is possible to almost fix the poles of the system not fixing K, but

fixing the product Kyw,0= C,.
The frequency modulation can also be done using the perturbations of the DC link current
[10]. Supposing that the DC link voltage is constant, power can be expressed as

De = Pe + Ape = VDC (IDC + A'iDC') =

dWem  (2\?Jmd o (2\° . o, 2 . (124
P+ 7 —i—(n) thwr+ - Bmwr—i—nerg

if power at transistor level are not considered. Then, the modulation of the exciting
frequency can be done as

Aw, = —I;Aipe =

1 9%, d 22 2 (1.25)
WC ((5) JmWTOE (_Awr) +2 (E) Brwro (_AWT) -+ ETlO (_Awr))

But, must be noted that
K= KpVDc (1.26)

giving the same stability characteristics using input power perturbations and DC link
current perturbations.

4.3 Stability verification
In the model expressed in (1.2), a new equation that describes the modulation of the
excitation frequency must be added as

Awg = —KpApe (1.27)

where input power perturbations are computed using a first order filter as

s
Ap. = H—ipe (1.28)

Th

where 7;is high-pass filter time constant. Then, the fifth differential equation is

. Aw .
Awe + — = —KpPe (1.29)
Th

The input power can be calculated using the Park's voltages and currents as

2 A T e
Pe=3 (Vi85 + Vislns) (1.30)
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Supposing that the voltage is constant, i.e. no perturbation is applied, the time derivative of
the power can be expressed as

Pe = §V5 (—z"gs sin é + iy, cos & — (if, cos & + g, sin ) 5) (1.31)
To obtain the fifth system equation, equation (1.31) must be substituted in (1.29).
Substituting time derivative expressions of currents and load angle, one can obtain the fifth
differential equation as

3 L 60 Rgsind
Awe = —K,V; St il + (we — wy) cO8 6 | 15
2 L, T

3 wrlgsind — Rgcosd _ 5
+ 5 P ( I, + I, + (we — wy) 8in 5) s
3 Am COS O
+ KV (1.32)
2°P° L,
3 Vesin®d  Vicos?§ )
_ K.V _
2 ( Lq Liy
1
— —Aw,
Th

Linearizing the new system, one can obtain the stability characteristics of the system with
the modulation of the frequency using input power perturbations. The linearized system
can be seen in Appendix B. Figure 1.9 shows the root locus as a function of K,. As seen in
Figure 1.9, the motor is stable for a range of values of K,. The value of the K, determines, as
previously seen, the stability characteristics of the system. In this case, the cut-off frequency
of the high-pass filter used to extract the input power perturbations is 2.5 Hz. The time
constant 7;,is 0.0637 s. That locates the fifth pole of the system at s =-16. As seen in Figure 1.9,
the rotor poles moves from the unstable region to stable region as K, increases, but the stator
poles moves from stable region to unstable region, giving the limits of the constant K.

As said before, in order to maintain the stability characteristics of the motor in the whole
frequency range, the product C, = Kywo is maintained constant. In this case, C, =12.5664,
giving a value of K, =0.01 at rated speed.

The root locus of the motor as a function of excitation frequency can be seen in Figure 1.10.
As seen in Figure 1.10 the poles of the system remains now in the stable region in the whole
frequency range. It can also be seen in Figure 1.10 that the stability characteristics of the
system is almost constant for frequencies above 100 Hz. This is because of the constant C, =

Kywio product.

5. Implementation of the stabilized V/f control

As seen in Figure 1.11, the implementation of the V/f control of PMSM with stabilization
loop has two main parts. First the computation of power perturbations, and second, the
computation of the voltage applied to the motor.
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c

s

Fig. 1.12. Voltage and current vectors in the stator synchronous reference

5.1 Computation of power perturbations
The power delivered to the motor can be computed as

3 .
T = 50528 cos @ (1.33)

Observing Figure 1.12, i;cos ¢ can be computed as

& g
lgs = 1sCOS P =

1.34
% (ias cos O, + ips COS (96 — 2;) — (%qs + ps) COS (96 + 2%))( )

where the angle 0.is the electrical angle of the applied voltage, and it is known. In (1.33), the
vsis the calculated voltage.
The input power perturbations can be easily obtained by a first order high-pass filter as

S
Ap, = ST 1P (1.35)

Th

5.2 Magnitude of the voltage vector

In the V/f control, the magnitude of the voltage vector is selected to maintain the motor flux
constant, maintaining the relation V/f constant [13]. The steady state equations of the
permanent magnet synchronous motor are
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Vis = Rolj, — wroLgly, = Rl — wroAy, (1.36)
Vs = Rsl s + wroLal i, + wrodm = Rsljg + wrodys (1.37)
If the resistive voltage droop is considered small
Vi & —wroAy, (1.38)
Vs R WroAgs (1.39)

The magnitude of the voltage vector is

Vs = \/( )+ (V) ~ wro \/( r )+ ()’ (1.40)
and, then,
Vs
o 4 (1.41)

But, if the motor is operating at low speed or at high load level, the resistive voltage drop
can not be neglected. When the motor operating at low speed or at high load level,

Vs
Wro

motor performance [14, 15]. In super-high-speed PMSM, with very low inductance, the
stator resistance cannot be neglected even at high speeds [16]. Therefore, it is necessary to
compensate the resistive voltage droop in the applied voltage. In HVAC applications, high-

maintaining the relation constant does not maintains the flux constant, diminishing

efficiency operation is desired. Low performance V / f control is ideal for efficiency-
optimized control. This efficiency optimization can be achieved by means of controlling
motor flux [17].

Voltage vector can be expressed adding the resistive voltage drop and the rotor permanent
magnet induced voltage, as seen in Figure 1.13. The voltage vector can be expressed as

Ve = BC + CO = I,R, cos ¢g + v/ E2 + I2R2 cos? ¢y — I2R2 (1.42)

The vector E; is the stator flux induced voltage. The stator flux is normally chosen to be
equal as the rotor flux. Then,

E; = wolim (1.43)

Even expression (1.42) is in steady state, the value of the voltage magnitude can be
computed instantaneously as

0f = Ryig 08§+ \/ (wrohm)” + (Rais c056)? — (Ryis)? (1.4

where i; can be computed as

Ly = \/(igs)2 + (1.35)2 - J% (ias + 2ips)” + (ias)” (1.45)
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6. Experimental results

Figure 1.14 shows the block diagram of the implementation of the stabilizing loop. In i; and
iscos ¢ computation, some ripple can be present. This ripple can affect the performance at low
speed, deteriorating the voltage applied. Therefore, it is then necessary to filter these values.

Figure 1.15 shows the variation of the variables in a no-load ramp up and then adding
torque step change. As it can be seen, with the stabilizing loop, the motor operation is stable
in the whole frequency range. Once the rated speed is reached, at time 4 s, a rated torque

qr
@, L1, A
< “ liw =:a%0;%1

Ve | .

‘ r
- ”

R

A ](;‘S

_ g

ds ds
Fig. 1.13. Steady state vector diagram
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Fig. 1.14. Block diagram of the implementation of the stabilizing loop
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Fig. 1.15. Rotor speed, input power power perturbation, K, frequency perturbations Aw.and
excitation frequency of the motor when operating at rated speed (200 Hz) with a load step.

step is applied, generating an input power perturbation. The stabilization loop compensates
this perturbation, reducing the excitation frequency, and maintaining synchronism. At time
8 s, the torque is released, generating an input power perturbation. In this case, the
stabilizing loop reacts increasing excitation frequency, to not to loose synchronization. In
these torque steps, the variation of the rotation speed is less than 5 % of the rated speed
during less than 200 ms. This performances are good enough for HVAC applications.

The variation of rotor speed when the stabilizing loop is removed can be seen in Figure 1.16.
At time 7.5 s, the K, is made zero, removing the stabilizing loop. Instantaneously, the motor
loses synchronization.

The effects of the voltage vector resistive drop compensation can be seen in Figure 1.17. The
motor is ramped up to a 40 Hz excitation frequency, including the resistive voltage drop
compensation. Then, at time 7 s, this resistive voltage drop compensation is released,
making Rs zero. Then voltage drop is no more compensated, and the motor loses
synchronization, because not enough flux is created to maintain the rotor synchronized with
the stator applied currents.

7. Conclusions

V/f control strategy for permanent magnet synchronous motors can be useful for HVAC
applications, where not high performance is required. Permanent magnet synchronous
motors have efficiency advantages over the induction motor. But open loop V/f control is
not stable in the whole frequency range. As demonstrated, the V/f control strategy becomes
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Fig. 1.16. Rotor speed variation when K, = 0

unstable, even at no-load, from a certain excitation frequency lower than the rated speed.
Then, it is necessary to have a stabilizing loop in the system.

This stabilizing loop can be implemented by means of an speed measurement system,
increasing cost, and complexity. The objective of this work is to develop a sensorless
stabilizing loop. The presented strategy uses input power perturbations to stabilize the
system. After adding the stabilizing loop, the V/f operation of the permanent magnet
synchronous motor is stable for all the frequency range, and for any load torque applied to
the motor.

Future research includes the estimation of the initial rotor position. Here, the motor is
started from a known position, but for real applications, the rotor can be at any position. The
stabilizing method developed uses some motor parameters. The variation of this parameters
with temperature or even aging, must be studied. Increasing speed in PMSM over the rated
speed means field weakening. For the operation above rated speed in HVAC applications is
of interest, this method must be studied.
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Fig. 1.17. Variation of rotor speed when there is no resistive voltage drop compensation at
low speed (40 Hz)
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A. Motor parameters

Model MAVILOR BLS 115 4/400
Pole number (n) 8

Rated power 2,2 kW

Rated speed 3000 rpm
Rated frequency 200 Hz

Rated torque 8,1 Nm

Rated phase to phase voltage 400 V(rms)
Rated phase current 5,71 A(rms)
Stator resistance per phase (Rs) 0,92 Q

d-axis inductance (Lg) 1,925 mH
¢-axis inductance (L) 1,925 mH
Rotor permanent magnet flux (\y) 0,1674 V s rad-!

Inertia of the mechanical system (.J;,) 0,9724x10-3 kg m2

Viscous friction coefficient (B 1,3671x10-* Nm s rad-!

B. Linearization of the stabilized system

In order to analyze the stability of the system under frequency modulation, the model must
be linearized. The linearized system has the form

Az = A; (X) Ax + By (X) AT; (B.1)

where Ax is the state variables vector as
Ax = {Aih Ait Aw, A5 Aw}' (B2)

and the By matrix is

Bi(X)=(0 0 5~ 0 0)" (B.3)
The elements of the state matrix A; are
An = —f—fi,/hz - L"LQ;TO,AB = LEZ‘;S,AM =—VSE—°:5°,Al5 =0
Ag1 = —L‘i—“;’"o,Am =~ Asy = — 1 (Laljj + Am) , Az = —VS%&),A% =0

2 - 2 r
Azl = % (%) i (Ld - Lq) Iq.sv Aszp = % (%) ﬁ ()\m + (Ld a Lq) Ids) !
Agg=—5m A3y =0,A3 =0

Ay =0,A449=0,A43=—1, A4 =0,A45 =1
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3 L gwyo cos & R sin & _ 3 R, cosd Lqwro sin dg
A51:§Kp‘/;(dfq ¢ - O),A52—§KPVS(SLQO+ o );

Asz = 3K,V ((E—Z = 1) I3 sindg + ((IL‘—;‘ — 1) s T )}J—TZ) coség) ,
Asa = 3K,V (£ = 1) Vosin20 + 7 (Eqwrolgs — Rolf,) cos b )

(& (Bl + (Lall, + Am) wyo) sindo )
Ass = SKpVs (15, cos 8o + I, sindp) — =

Th
The eigenvalues of the state matrix can be used to analyze the stability characteristics of the
system.
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