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Sensorless Control of Interior Permanent-Magnet
Machine Drives With Zero-Phase Lag
Position Estimation
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Abstract—This paper presents an improved method to estimate and position were estimated using a state filter with inherently
rotor motion states for an interior permanent-magnet machine |agging properties. Improvements to these methods can be
drive. This approach is based on the estimation of a saliency-based q)ized with observer-based position and velocity estimation
electromotive force (EMF) in the stationary reference frame using - - .

a state filter. The spatial information obtained from the estimated techniques using feedfoward torque command [_14]' W_'th the
saliency-based EMF is used in an observer to estimate the motor Observer-based methods, torque accuracy is required to improve
motion states. By using the commanded torque as a feedforward motion state estimation for dynamic trajectories.

input to the observer, the motion state estimation has zero-phase  For the IPMSM, inherent saliency, i.e., the difference be-
lag, providing a very-high-bandwidth estimate. tweend-axis andg-axis inductance, beneficially changes both

Index Terms—interior permanent-magnet machine drive, the air-gap torque production and the field weakening character-
observer-based control, sensorless control, state filter estimation. jstics [11]. To take full advantage of these properties, the con-

troller would ideally have accurate machine parameters. Max-
I. INTRODUCTION imum torque-per-amp control has been introduced to improve
o ) torque production in the constant torque region. The maximum
ITHIN the last decade, significant improvements, o e per-amp trajectory was calculated using fixed parame-
have been made in the area of sensorless control @fs \ith this trajectory, the torque command is converted to
permanent-magnet synchronous machines (PMSMs). The 5n4;  commands for a synchronous frame current regu-
primary methods for sensorless position estimation can pg,, [11], [12]. A simple model based on measuriag which
divided into two main categories: approaches using baCk'el%‘épends om-axis current, was developed to improve not only
tromotive-force (EMF) estimation with fundamental excitatiorgOrCIue production but also torque accuracy [13]. Torque accu-
[1}-[5] and spatial saliency image tracking methods using.y is achieved by a maximum torque-per-amp trajectory, in-
excitation in addition to the fundamental [5]-[10]. The salienc&uding saturation [15].
tracking methods are suitable for zero-speed operation, whereagy,;q paper improves the saliency-based EMF methods by
the back-EMF-based methods fail at low speed. using an observer to estimate the motion states. By using the

Application of back-EMF-based methods to the symmetrigyymanded torque from maximum torque-per-amp including

PMSMis straightforward. However, when applying the methods,y, ration as feedforward into the observer, the lagging proper-

to salient machines, such as the interior PMSM (IPMSM), nefas of the state filter can be eliminated. The result is zero-phase
essary approximations lead to estimation errors and decreaﬁg;destimation of the motion states.
performance. To solve this problem, a model was develope

using a “saliency-based EMF” term in the stationary reference
frame [2]. This saliency-based EMF consists of the salient terms
of the machine model in addition to the EMF term. Application The model of the IPMSM in the rotor reference frame is out-
of the saliency-based EMF model was further improved Wiped for the development of the position and velocity estimation
transformation to the rotor reference frame [3]. In [3], a stat®ethod (1)
filter was used to estimate the saliency-based EMF, aadzian
functionwas usedto estimate rotorposition.Then,therotorspee{ UZS} _ [Ts +pla  —wrly } [ifis} n [ 0 ] 1)

r wrLg Ts +pLg | | tgs WrApm

[I. IPMSM MODEL IN THE ROTOR REFERENCEFRAME

Vg
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Fig. 1. Block diagram of the simulation comparing (a) observer-based, (b) state-filter-based, acthferalculation-based position estimation.

In the application of standard back-EMF-based methods using a tracking observer [7]—[9]. The presence of noise on the
IPMSM, transformation of the IPMSM model into an estimatetheasured signals results in noisy position estimates when using
rotor frame results in undesirable terms due to the saliency.dimect calculation methods such as tetan To reduce the
some methods of position estimation, the terms are ignoreubise problem, filters have been applied to either the estimated
resulting in performance degradation. In order to solve thigsition or the input signals, adding lag to the estimate. By
problem, the IPMSM model can be rewritten to explicitlyusing an observer, noise on the position signals can be filtered
isolate the saliency-based EMF [2] in the rotor reference framadthout adding lag to the estimate.

(2). The saliency-based EMF includes both the back-EMF To demonstrate the differences between the various topolo-

(wrApm) and the terms produced by the saliency in (3) gies, a discrete-time simulation was performed. Fig. 1 is a block

diagram of the simulation. Three position estimation methods

vl [re+ply —wL, i 0 ) were considered: tracking observer based, t.racking s.tate filter

{ } = [ we Ly r, -I-pLJ { } [ESJ (2)  based, andrctancalculation be_lseq. '_rhe tracking state filter (or

phase-locked loop) topology is similar to the observer except
) ] that it does not have the feedforward referefitg, and thus
Baal =wp [(La = Lq)igs + Apm] = (La = Lq)pigs- (3)  has inherently lagging estimation properties. Thait Vector
Model creates a rotating vector based on a harmanaf the

Equations (2) and (3) can be transformed into the stationaggtimated position.
reference frame (4). The saliency-based EMF results in a ro-The eigenvalues of the tracking observer not only depend on
tating vector (5) and can be represented in complex vector fothe gains of the observer controller and the mechanical system

s
qs

v 23

qs
where

(6) model, but also on the magnitude of the input vector and the
harmonic number of the saliency. Since the magnitude of the
v, ] [ re+pLa wy(Lg — Ly) saliency-based EMF vector depends on the machine velocity, it
[,USJ = |:_wr(Ld - L) re+pLa } must be decoupled from the input signal. _ N
;s s The arctan calculation has no intrinsic lag, but is sensitive
X [Z.‘;’S} + [ Essal ds] (4) to the signal-to-noise ratio. Advantages of the tracking ob-
as sal ¢s server include that it can track a signal with a much smaller
where s i signal-to-noise ratio than by using tlaectan, it can be built
[Essal ds} =F.a [_sm HT] (5) in any reference frame, and can be used to track multiple
B gs ' cos saliencies [9]. Tharctan calculation can only be used unam-
2l dgs =Esare? 1T/, (6) biguously on a single saliency.

In the simulation setup of Fig. 1, a commanded position tra-

The saliency-based EMF (6) has spatial information in t@ctory is used to calculate a rotating unit vector. A random
vector angle that can be used for position estimation. ThHeise limited to 10% of the vector magnitude is added to the
saliency-based EMF can exist at zero speedjfvaries: the unit vector. This sum is used to test the dynamic tracking of the

second term of (3)(La — Lq)pil, exists at zero speed as théree position estimation methods. _
magnitude of the saliency-based EMF. The position estimation of tharctan direct calculation has

no lag, but suffers from a large position estimate error due to
the noise, Fig. 2. The effect of the noise can be mitigated using
a state filter, but the estimate then has lagging properties, Fig. 3.
Several methods can be used to estimate the positionSimilar results occur when applying a low-pass filter to the di-
a saliency-based rotating vector, including direct calculatioect calculation method. By using an observer topology with the
using thearctangentof the two input signals [3], [10] and appropriate feedforward command, zero lag properties can be

Ill. ZERO-PHASE LAG POSITION ESTIMATION
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Fig. 2. Simulated position, estimated position, and position error farean

position estimator.
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Fig. 3. Simulated position, estimated position, and position error for a tracking

state filter position estimator (eigenvalues: 5000, 110, 20, and 4 Hz).
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Fig. 5. Proposed state filter for estimation of the saliency-based EMF within
the state filter bandwidth.

erence. This produces similar results to the vector-tracking ob-
server, but requires use of thectanfunction.

IV. ESTIMATION METHOD

A. State Filter for Estimation of the Saliency-Based EMF in
the Stationary Reference Frame

The saliency-based EMF can be estimated using a state filter,
Fig. 5, based on a current observer. The state filter consists of
two parts: the IPMSM model without the saliency-based EMF
terms (6) and a proportional-integral (Pl) compensator. Since
the saliency-based EMF is unmodeled, itis inherently estimated
by the Pl compensator. However, the estimation bandwidth is
limited by the state filter bandwidth and inherently has lagging
properties.

The estimation of the saliency-based EMF from the proposed
state filter is represented by (7)

E’S _ ROS + Rio s
sal dgs — ¢ 2 ~ ] sal dgs
Las? + (s + Ro)s + R
Ry,s + Ry,

Lqs?+ (75 + Ro)s + Rio
X {'U(Sl;s - ’Ut%qs + (Ld - f’d)sz.tslqs

+ (TS - IfS)iqu
+[(La = Lg)jwr — (La = Ly)jéo]

x (i, — zzs)}

The estimation accuracy of the saliency-based EMF state
filter is determined by the bandwidth of the state filter and the
errors in parameter estimation and reference voltage. Fig. 6
is a plot of the theoretical estimation accuracy frequency
response function (FRF) for the saliency-based EMF state filter
assuming no parameter estimation and reference voltage errors.

()

Fig.4. Simulated position, estimated position, and position error for atrackidghe closed-loop eigenvalues are set at 200 and 250 Hz. Phase
observer position estimator (eigenvalues: 5000, 110, 20, and 4 Hz).

lag can be seen above the bandwidth of the state filter, Fig. 6.
The bandwidth of the state filter is limited by undesirable har-

achieved, Fig. 4. It is also possible to construct the state abenics due to inverter nonlinearities and secondary machine
server topology using tharctanto generate the observer ref-harmonics.
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For high-speed applications, care must be taken when imple-  ------- Y
menting the saliency-based EMF state filter in the digital do- | ‘ ‘ 0
main. Because the state filter uses the commanded voltages for 20 15 S0 S 0
feedforward and the measured currents as the state reference, the if [A]
timing delays in the controller and inverter should be included ds

in the model. This can be accomplished by using the modified , , _
Fig. 8. Constant torque loci and maximum torque-per-amp trajectory

z-transform [16]' including saturation assuming fixed parameters.

B. Saliency Tracking Observer for Estimation of Position and . . :
Velocity Wi)t/h Zero-P%ase Lag a saliency-based EMF model. This results in an error term that

) ) _only has a single phase error component (10)
The estimated saliency-based EMF from the state filter,

Fig. 5, contains rotor position information (8) & = | Eqal|sin(8, — 6,.). (10)
Bl gge = Bae? 47/ = {Essal JS} = B [_ Sineg"] . The physical system model consists of a second-order system
Bl gs cos by with one parameter, the estimated inertia. The error between

torque command and actual torque depends on current regulator
. . _ bandwidth and estimated parameter accuracy in the calculation
If the arctanfunction method is Used, then the electrical rOtQ_f)f maximum torque-per-amp trajectory which is converted to

position is directly estimated by using (9) d-axis andg-axis current. Since parameters (includibg and
R L,) change with operating conditions due to magnetic satura-
f, = tan~ — E:ssal ds 9) tion, continuously estimated parameters should be used for the
B 4 calculation [15]. By using the continuously estimated parame-

ters, the error between the commanded torque and actual torque

Either a vector tracking observer or state filter (based amreduced. Cross saturation will cause some small errors in the
phase-locked loop methods) can be used to estimate the mogstimated parameters during transient operation.
states from the estimated saliency-based EMF without usingFig. 8 shows the maximum torque-per-amp trajectory con-
the arctan function. The phase error between the estimatesidering magnetic saturation, derived from experimental data.
saliency-based EMF (from the previous state filter) and tlhe maximum torque-per-amp is a function bf, L, and
saliency-based EMF model is fed in to the observer controlley,,,. With this calculation\,,, is assumed to be constarit;
Fig. 7. and L, change nonlinearly with increasing current. Therefore,

A vector cross product is one method of detecting the phatbe trajectory of Fig. 8 is calculated by using fixed nominal
error between between the estimated saliency-based EMF sallies and adjusting the current commands to produce a
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maximum torque-per-amp trajectory. The actual maximum
torque-per-amp trajectory including magnetic saturation could
also be calculated by using the measured parameters as the
vary with operating conditions. If an off-line parameter es-
timation method is used to obtain parameters for a range of and
operating conditions, this trajectory can be calculated. How-
ever, this is computationally intensive due to the nonlinearity |6
of the saturation. Such calculations are usually unreasonable ir
real time unless simple online parameter estimation methods
are employed [15].

With a high-bandwidth current regulator, the estimated elec-
tromagnetic torque command for the observer can be expresse

w

A
@

as follows: £

e

* a 3 A -7 7 T \;r ;T
Ir=1.= 5P [Apmzqs + (L — Lq)zqszds} (11)  and

A
0
whereP is the number of poles. 45
The velocity and position estimation transfer functions are
represented by (12) or (13) using (11) and assurjg = Apm
orLqg — Ly = Lg — Ly, respectively,
AN
o
A Ly— Lq w
o 0 Ji= s + bos? + Ko5 + Kip 12)
w 0 2 .
w Js3 ~|—bos + K,s+ K, and
or A
o b J;:—s3 +b,5% + Kos + Ko 13) D
w 0 Js3+bys?+ Kos+ Ko 6

The error between commanded torque and actual torque is
a function of parameter errord.{, L, and \,,). While the
torque error results in velocity estimation error, it can be miti- &
gated using a maximum torque-per-amp trajectory that includes £ ©
magnetic saturation.

Fig. 9 is a plot of the theoretical estimation accuracy and
frequency response for the saliency tracking observer. The
closed-loop eigenvalues are set at 500, 100, and 20 Hz. The ob
server (and previous state filter) must have adequate bandwidtt
in order to maintain adequate dynamic stiffness (disturbance
rejection) in the motion controller.

The observer is insensitive to mechanical parameter estima-
tion error and torque error within the bandwidth of the observeg
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9. Estimation accuracy frequency response for the saliency tracking

These errors will result in position estimation error at freque@bser\,er showing' and7. parameter insensitivity.

cies above the observer bandwidth.

| N
V. SENSORLESSTORQUE CONTROL r"f ,N Eid§: vdﬁi de*

Fig. 10 shows a block diagram of the IPMSM controller in Le*” ! ! ouf Coment |t g | pwm
cluding position estimation and the maximum torque-per-an ! figs [Reswaor) v o 1€ vge | V!
trajectory tables. The current commands are based on a m ’_'ILK L > g
imum torque-per-amp trajectory which includes saturation [1£ ‘NL; ;/;' + dgs I ;;1:;

including r Coordinate
VI. EXPERIMENTAL RESULTS Saraton b 7% Transform

The saliency-based EMF position estimation method w 6, *Te vdf]:
tested on a DSP controlled IPMSM coupled to a load motc PN e D
Fig. 11. The switching and sampling rate of the hardwa <« Esimator 995

system is 8 kHz. Nominal parameters for the test motor aIE% 10. Block diagram of the proposed IPMSM controller including

provided in Table I.

sensorless position estimation and maximum torque-per-amp trajectory tables.
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TABLE |
IPMSM NOMINAL PARAMETERS
Parameter Value
Max. Torque 7.7 N'm
Max. Speed 6200 rpm
Is 15Q
Lq 11 mH
Ld 3.7 mH
Apm 0.086 Wb
J 1.0 kg-m?x10™
Poles 4
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Fig. 13. Estimated and measured electrical rotor position with varying speed
(1000-5000 r/min) at half rated load.
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Fig. 14. Estimated position error versus motor speed at rated and no load with
constant speed, and at half rated load with varying sp£&®Q r/min).

extracts the saliency-based EMF, filtering out higher frequency
harmonics. Therefore, the observer of Fig. 7 properly tracks the
estimated saliency-based at high speeds under a step rated load
change.

Fig. 13 is plot of the estimated and measured electrical posi-
tion with varying motor speed at half rated load. This demon-
strates that phase-lag is kept to a minimum during a transient
command due to the feedforward input of the observer. The pro-
posed speed estimation algorithm is also suitable over a wide

Fig. 12 is a plot of the estimated and measured electrical rogpeed range.

position with a step change to rated torque while the motor isFig. 14isaplotofthe estimated positionerrorversusrotorspeed
running at constant speed (2700 r/min). Position estimationdsrated load and no load with constant speed, and at half-rated
robust under the transient step torque change, due to the fdedd with varying speed (operating spee€d00 r/min). Due to
forward torque command path to the observer. The magnituctemputational limitations in the test setup, parameter estimation
of saliency-based EMF is determined by operating conditionsuld not be implemented concurrently with the saliency-based
(wr, g, Pigs) and parametersify, Ly, Apm) in (3). Since the EMF tracking techniques. The resulting inductance parameter
back-EMF term(w, Ap,.) is relatively dominant at high speedsestimation errors affect the position accuracy at low speeds
in the saliency-based EMF (3), the change in magnitude duetben the back-EMF is small. In addition, at low speed and
the change in load is relatively small. The state filter in Fig. goltage the saliency-based EMF state filter is sensitive to the
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stator resistance estimation. Other sources of error that affec]
the accuracy at low speeds include inverter harmonics and
secondary machine harmonics. If these harmonics are within
the bandwidth of the state filter, they will lead to position [4]
estimation errors. At higher speeds, the position estimation
errors resultfrom the bandwidth limitations of the saliency-based;s
EMF state filter. The state filter bandwidth is limited by the
guantization noise and inverter nonlinearities.

The position estimation errors decrease the torque productio#\e]
of the machine. The sensitivity of the torque production to po-
sition estimation errors depends on the machine design and thﬁ]
amount of reluctance torque for the machine.

With varying speed, the effect of the torque feedforward path
to the tracking observer reduces the amount of position errorIS]
The primary function of the torque feedforward in the tracking
observer is to handle the dynamic torque command trajectories
of the machine. (o

[10]
VIl. CONCLUSION

This paper has presented an improved method of estimatingy;
the rotor position using a saliency-based EMF. A state filter
is used to estimate the saliency-based EMF. In cascade, ﬁ]
tracking observer is used to estimate the rotor position. While
the tracking observer topology does not introduce phase Ia%
to the estimate, the state filter does. This is a limitation of thd'S]
proposed method. The following points summarize the work
presented.

« An IPMSM model in the stationary reference frame with
a saliency-based EMF is used for position estimation.

* A state filter is developed for saliency-based EMF estima-
tion and a tracking observer is developed, including the
mechanical model for position estimation.

« Directarctancalculation-based methods for position estj- 18]
mation are sensitive to signal noise. Filtering reduces the
problem caused by the input signal noise, but adds phase
lag to the estimate. By properly forming an observer, a fil-
tered position estimate with zero-phase lag is realized.

* Nearly zero-phase lag estimation for rotor position and v:
locity can be achieved using a cascaded observer witt
feedforward torque command. This allows substantial
improved dynamic response of the IPMSM motion cor
troller.

* Maximum torque-per-amp trajectory, including iron sat
ration, was used to improve the torque control accura
This reduces the error between torque command and
tual airgap torque, minimizing errors in the motion state
observer.

(14]

15]
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