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Abstract: In a growing number of battery-driven applications the need of removing any position
and speed transducer is taking over due to space, cost and mechanical reliability constraints, further
than making the installation easier as requiring less wiring. This paper presents the development
of a sensorless algorithm capable of running an Interior Permanent Magnet Synchronous Machine
(IPMSM), assuring constant torque production in the whole speed range, form standstill to high
speeds. This is achieved with an hybrid method: at standstill and very low speeds the saliency of
the IPM is exploited through an High Frequency Signal Injection (HFSI), which assures a robust
estimation of the rotor position. At medium to high speeds an advanced V-1 estimator is adopted
in order to enhance the motor performances. The developed algorithm comes out of being highly
scalable as it requires very little tuning, resulting in a multi-purpose application which can be
employed with any motor size.

Keywords: sensorless; IPM motor; MTPA; high frequency injection

1. Introduction

The majority of industrial applications that involve motion is nowadays achieved with electrical
machines, which make use of electro-magnetic effects to generate high density power with little
losses. Besides, due to pollution constraints, also electric traction applications [1] are taking over the
research activities and attracting big attention from companies from different fields. Considering
synchronous motor, two macrocategories exist: those with the Permanent Magnets (PM) mounted
on the rotor surface (Surface Permanent Magnet Synchronous Machines—SPMSM) and those with
PM buried inside it (Interior Permanent Magnet Synchronous Machines—IPMSM) [2,3]. The former
requires an high number of magnets for construction, while the latter only need a limited number of
magnets [4]. This reduction in the number of employed magnets does not represent a drawback in
terms of output torque, as Interior Permanent Magnets motors (IPM) can also count on the reluctance
torque produced by the rotor anisotropy, generated by the inductance difference on the rotor axes.
Recently, due to space, cost, hardware reliability constraints and simplicity in installation there is a
trend of avoiding the usage of position and speed transducers. Anyway modern control methods
operate into a d-q reference frame and cannot work without the position information needed to
perform Park transformations; this paper will employ a Maximum Torque Per Ampere (MTPA) control
which, given a torque reference, outputs two current references for the d and q axes, calculated basing
on the solution of an optimization problem. Furthermore, a speed feedback is required in a wide
range of applications. A solution to this demanding request is represented by the development of
sensorless controls, which only require the knowledge of the motor drive output voltages and currents.
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Concerning medium and high speed operating points a variety of sensorless techniques have been
developed in literature, from full-order model based observers to reduced-order V-I estimators. In [5]
a complete observer has been developed, while in [6] the same observer has been improved using
sliding surfaces. In [7,8] an alternative approach based on the Extended Kalman filter has been
proposed to account for non-linear dynamics and it is proven to minimize the estimation error variance.
Those works are extremely precise and reach a very good level of accuracy, but have the need of
elaborating a lot of data in real time, this makes their implementation difficult on low-cost industrial
microprocessors with limited calculation power, further than being very specific for the application
they are developed for. For this reason many authors have proposed different improvements for
classical reduced-order V-I estimators to decrease the computational complexity without worsen the
estimation accuracy. The innovation consists in the introduction of a corrective feedback, evaluated
comparing real and estimated currents [9] or magnetic fluxes [10]. In this way the V-I estimator is able to
compensate the integration drifts and allows a better noise rejection. The mentioned techniques rely on
the presence of back-EMF and are therefore feasible of being applied to any kind of electrical machine.
However, since back-EMF effects are negligible at standstill and low speed, this technique is typically
used only for medium-high speed. To derive sensorless techniques for standstill and low speed,
different strategies have to be implemented. Thanks to the mentioned anisotropy, IPMSM are feasible
for the implementation of techniques to precisely estimate the rotor position also at standstill and
can therefore undergo a wide-speed range sensorless control capable of a constant torque production.
Those techniques are based either on the modification of the normal PWM sequence required for
driving the motor or on the injection of additional electrical signals from which information can be
drawn. The former have their maximum expression in the Indirect Flux detection by Online Reactance
Measurement (INFORM) method [11,12], which is very precise but requires a sophisticated high
performance hardware due to the need of real-time differentiation and high sampling frequency to
allow the sampling of the phase currents in the whole PWM impulse. High Frequency signal Injection
(HFSI) techniques on the contrary can work on multi-purpose industrial hardware, causing their
wide development. Among these techniques the most widespread are the so-called rotating injection,
which are implemented in fixed stator frame, and pulsating injection, performed onto estimated rotor
axis. A comparison between those techniques has been developed in [13-15], in which authors have
analyzed the injection principles and the effects of non-ideal physical attributes on the mentioned
methods. An additional distinction can be performed considering the kind of injected signal: a voltage
injection can be performed as well as a current injection. Differences between the injection of different
signals are reported in [16] where a voltage injection is shown to be preferable since it avoid further
complication in the control scheme algorithm. On the contrary current injection requires a precise
regulation of the injected signal which is pretty difficult to be performed and implies a precise tuning of
the algorithm.The focus of the presented paper is to study a scalable sensorless control for a wide-speed
range. In this work a hybrid technique which consists in a HF rotating voltage injection for standstill
and startup position estimation has been implemented. The estimated position will be used to retrieve
a speed information used to close the sensorless control loop. A modified V-I estimator able to work
also at low speed where the back-EMF effects are negligible is also proposed, in order to guarantee a
high torque production in the whole speed range. The transition between the two different techniques
is performed by an efficient transition algorithm both in acceleration and in deceleration transients.

The paper is structured as follows: in Section 3 the features of the sensorless algorithm will be
described; Section 4 shows simulation results obtained trough Simulink software; Section 5 reports the
implementation of the algorithm on a microprocessor and the experimental results in both no-load
and loaded condition analyzed. In Section 6 the conclusion about this work are drawn.
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2. IPM Model

The model of the IPM motor is developed in the stationary reference frame. Under fundamental
excitation the voltage equations are defined in Equation (1).

SRR

where v, R;, 1, ¥ are, respectively, the stator voltage, resistance, current, and magnetic flux and p is the
differentiation operator. The flux linkage model is described in Equation (2).
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where ¥p) is the permanent magnet constant flux linkage and the inductance matrix, dependent on
the rotor position 6;, is reported in Equation (3) ([9,13]).

XL — AL cos(26;) —ALsin(26,)
Ls(6,)] =
[Ls(6r)] [ —ALsin(26,)  ZL+ ALcos(26,) ®)
The meanings of XL and AL are clarified in Equation (4) ([9,13]).
L+ L L,—L
ZL:L;d AL =1 4)

3. Sensorless Control

3.1. High Frequency Signal Injection

The above described model is not truly representative of the IPM behaviour under high frequency
excitation. In facts, when a carrier signal is injected with wgyr >> wy, the following assumptions can
be done:

e  The stator resistance R; is negligible compared to the stator inductance
o  The back-EMF produced by the motor is negligible at standstill and very low speeds.

Figure 1 represents the working principle scheme of a stationary-frame signal injection and
demodulation. The injected voltages are reported in Equation (5) ([9,15]).

[%,HP} — Vir [COS(CUHFt)] )

Vg, HF sin(wyrt)

The current response represented in Equation (6) can be deduced re-arranging Equations (2)
and (1) ([9,15]).

ilX,HF _ Ip sin(prt) + IN sin(26r - wHFt) (6)
i/S,HF —Ipcos(wyrt) — Iy cos(20, — wyrt)
with: VirEL VirAL
IP _ HF _ HF (7)

wpr(E2 —AL2) N wpp(TI2 — AL?)
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Figure 1. Signal injection working principle.

It can be noticed that the currents contain two components called, respectively, positive and
negative sequence. The positive sequence contains no useful information, while the negative sequence
encloses the position information through its phase. The two currents i, and iz can be represented on
the Cartesian plane obtaining an ellipse. The latter contains the desired information, since it aligns
with the correct rotor orientation; an example is reported in Figure 2.
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Figure 2. Current ellipse, 0, ~ 65°.

A proper demodulation algorithm must be designed for extracting the negative component while
discarding the positive one. The proposed demodulation, shown in Figure 3, consists in transforming
the current in a rotating frame at the injection speed, thus assuring a better spatial separation for
different components, and using an highpass filter for discarding the positive sequence. Mind that
the HF voltage signal is injected superimposed on the fundamental component used to drive the
motor and to produce torque. This means that the currents in stationary frame will also contain a third
component, rotating at w,, which increases in magnitude as the torque demand increases. The filter
order selection is therefore crucial to discard this contribution. The effect of multiple saliencies and
the high-order harmonics produced by the inverter non-linearity [13,15] also play a crucial role in the
signal demodulation as they introduce useless components that have to be discarded; better results
can be obtained using a properly designed bandpass filter.
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Figure 3. Demodulation algorithm.

Once isolated, the negative sequence is rotated back to stationary frame, where an heterodyning
technique is applied for building an error signal as represented in Equation (8) ([9,14]).

&€= _ilx,HF COS(Zér — prt) — iﬁ,HF Sin(Zér - a)Hpt)

A ®)
Insin2(6, — 6y)

This signal depends only on the difference between real and estimated position and can be
therefore used as input for a PLL to retrieve the rotor orientation. Notice that the heterodyning
technique works in closed loop and guarantees a robust behaviour. The described algorithm presents
a critical issue to tackle: it can only converge in the first and fourth quarter of the Cartesian plane,
which means in the interval [—90; 4+90]. To overcome this problem, the paper presents a technique
based on the identification of the current second harmonic, which relies on the iron magnetic saturation
and in turn on the variation of the magnetic inductance, as shown in Figure 4.
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v, |

/

Figure 4. d-axis magnetic saturation effect.

When a north pole of the rotor is aligned with the stator coil, the coil current increases the
linked flux; as consequence, stator saturation increases too and the inductance slightly decreases.
When a south pole is aligned with the coil, the opposite phenomenon happens and the inductance
increases slightly. This can be represented by modelling the d-axis current in Taylor series as reported
in Equation (9) [17].

1 d%ig

. 1
1d%fd(Td_Tm)+iﬁ(‘fm)(?d_\ljm}z‘i"“ ©)
i

where %(‘Pm) > 0.
d
When a high frequency voltage is injected at standstill, the generated current at both north and
south poles can be represented with Equation (10) [17].

2

. 1 7 1 d%iy :

Iy~ — / vpgdt + ,7(15[7111) </ Uid) (10)
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The polarity identification can be performed by looking at the sign of the second order terms
in Equation (10). Notice that the g-axis has not been taken into account for polarity detection since,
assuming zero as the center of its operating point, the related linked flux is an odd function of the
current and therefore has no even-order terms when expressed by the Taylor series linearized in the
origin [17]. Given the above model representing the stator iron magnetic saturation, the processing of
the stationary frame currents generated from a high frequency voltage injection remains the same in
order to extract the negative sequence component. The only modification in the algorithm comes from
a compensation of the estimation coming from the PLL, based on the polarity information. In the case
of rotating injection, the current carrying this information is obtained by a heterodyning demodulation
in the estimated rotor reference frame and reads as reported in Equation (11) [17]:

ipo) = 2LPF(BPF (i g5t) cos(2wt — 6;)

V.2. d2' (11)
_ Vinj d%iy 5 5
- _Swg @(‘{’m) cos (2(0; — 6;)) cos(6 — 6;)

The sign of this current component depends on the tracked polarity and is used to eventually
compensate of 471 the angle estimation. Note that at standstill the signal extracted by the low pass
filters, which reflects the sign on the second order harmonics, is likely to be very clean and can be
therefore used to continuously compensate the PLL’s estimation. When the motor shaft is put into
rotation and undergoes disturbances, the compensation might fail due to the small amplitude of the
signal carrying information and it is therefore better to use the polarity information for correcting the
estimation in feedback at standstill once for all. This operation has to be performed every time the
saliency estimator is deactivated (i.e. when the motor is brought at high speeds).

3.2. V-I Observer

The presented signal injection method allows to obtain excellent results in driving an IPM motor
from standstill to very high speeds, but the acoustic noise associated with the HF currents limits
its application feasibility only in the region where it is strictly necessary: at standstill and start-up,
up to 50 + 100 rpm typically. Above this threshold a more classical approach can be followed, such as
the design of a robust reduced order V-I estimator. The latter consists in a highly scalable application
capable of retrieving the stator flux with the only knowledge of the voltages applied by the inverted
and currents resulting from the machine. It operates by the reconstruction of the back-EMF, which is
integrated to obtain the stator flux in stationary coordinates, as reported in Equation (13).

-
cp B '8

Y - ezx_
l‘l’ﬁ] -/ Lﬁ_ -

Considering Equation (13) the stator angle is estimated by means of Equation (14).
A Y
0, = atan| — |; (14)

The estimator as presented reveals two big limitations. Firstly, it must be noticed that it is only

capable of retrieving the stator angle, while an accurate control has the need of knowing the real
rotor angle.

This difference is important because under load conditions the mentioned quantities differ by
the so called load angle, which consists of the stator rotating magnetic flux being in advance with
respect to the rotor; Figure 5 explains this phenomenon. If the load angle increases too much there
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might be the possibility of a loss of control and anyway the control would not result robust during
loaded speed transients. To overcome this issue there is the need of retrieving the rotor angle instead
of the stator one. This can be done by introducing a virtual rotor flux, aligned with the permanent
magnets, as Equation (15) [9].

Figure 5. Difference between stator and rotor angle.

Yo ="%m+ (La—Lg)ia (15)

The saliency of the machine can be therefore rewritten with some manipulation in dg coordinates
as (16), where the associated magnetic fluxes are reported in Equation (17) [9].

03 = Rsig + Lgpiy — wrLgiqg + p%¥o (16)
Y,=%Yy+ L;i
{ d U'Jf_ qtd (17)
Yy = Lyig

Applying the Park anti-transform, the above equations are translated into stationary a8 reference
frame obtaining the correct angle estimation, reported respectively in Equations (18) and (19) [9].

Yo = Yycos(0;) —¥;sin(6;) = Lyix + ¥, cos(6r) (18)
Yp = Ygsin(0;) + ¥4 cos(0;) = Lyig + Yo sin(0;)

A ¥g — Lyip

97 = atan (W) (19)

The second limitation revealed by the V-I estimator is the weakness related to the usage of the
integrator for retrieving the stator fluxes. The integrator in fact is highly affected by noises of the input,
which cause drifts in the estimation. Furthermore it cannot absorb initial offsets caused by the set-up
stage and bad initial conditions. This inability to compensate steady state noises can be corrected by
transforming the estimator in a reduced-order observer by means of the introduction of a corrective
feedback. Figure 6 depicts the implemented observer.
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Figure 6. Reduced order observer with rotor angle estimation.

By neglecting the outer stage which performs the rotor angle estimation and analyzing the inner
loop, it can be noticed that the estimated stator flux obtained from integration is compared with a
reconstructed flux coming from a magnetic model. This difference is given as feedback to the estimation
of the back-EMEF, by means of an amplification coefficient. The transfer function of the system if finally
reported in Equation (20).

gup_ S 2P g qup 20)
5+8 s s+8

From Equation (20) it can be noticed that the integrated back-EMF is weighted by a high-pass
filter which assures a fast and correct estimation during transients, while the reconstructed flux coming
from the magnetic model compensates steady state offsets and drifts, being weighted by a low-pass
filter. The transition of effectiveness of the two components is defined by the tuning diagonal matrix
g, which represents the cutting-frequency of the digital filters. The lower is the cutting frequency,
the faster the observer will success in retrieving the correct angular position but with less noise rejection.
In general, a good choice of this parameter for a sensorless control is between 30 60%. At last
it must be remarked that the magnetic model in dq coordinates plays a crucial role in the observer
robustness. In a general form is can be expressed as in Equation (21), where the dependence of the
inductance from the current is highlighted.

{‘Fa = Ld(id/ iq) + % (21)

¥ = Ly(ig, iq)

The performance of the observer under load conditions depends on the accuracy of this magnetic
model. The modelling of the inductance variation caused by magnetic saturation is crucial for a
stable and robust behaviour, especially in motors which exhibits a non-perfectly sinusoidal back-EMF,
that introduces a high amount of noise to be rejected as speed increases.

4. Simulation Results

Before proceeding to the experiment several preliminary simulations were carried out by means
of the Simulink toolbox provided by Matlab. The model of the IPM motor with currents as state
variables together with an MTPA control logic, the HF signal injection and the two estimators for high
and low speeds were implemented.

At first the control was deactivated and an analysis of the currents resulting from the signal
injection were conducted: Figure 7 shows that the injection of a couple of sinusoidal voltage on
stationary axes produce two sinusoidal currents with a phase shift proportional to the rotor angular
position, meaning that the desired information is present. At this stage the control was activated
and both standstill and low speed simulations were carried out to test the performance of signal
demodulation. Figure 8 shows that the saliency-based estimator succeeds in retrieving the rotor
position and speed with a small error, below 15° and 1Hz respectively.
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Figure 7. Saliency-based estimator simulation. (a) Injected voltages. (b) Phase-shifted currents.

It must be noticed that the position error increases as the rotor speed increases, thus the estimator
based on signal injection should be used only at speeds below 150 rpm to guarantee robust control and
high efficiency. From early simulations has been found that at very low speeds very little back-EMF is
present, hence the V-I observer cannot precisely estimate the rotor position. At standstill the situation is
even worst, as the observer does not move at all from its initial estimation. Closing the sensorless control
loop, this reflects on a very oscillatory speed estimation transient that tends to vanish as soon as some
back-EMF arises (above 300 =- 400 rpm for the considered motor). Figure 9 shows this phenomenon.
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Figure 8. Saliency-based estimator simulation. (a) Speed profile. (b) Position estimation error.
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Figure 9. V-1 observer not estimating at standstill.
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To overcome this problem the position estimated from the saliency-based estimator is fed to the
V-1 observer at standstill, then the signal injection is deactivated and the motor is driven with the
latter only. From Figure 10 it can be noticed that the position estimation error tends to zero as soon

as the rotor is spinning faster than the cut-off frequency “g” of the observer, showing an excellent
estimation capability.

120 ' 1 ‘ : :
| h Estimated speed Paosition estimation error
| Reference speed 25 ]
| Real speed
100 |
| f 20
|
80 | — | -
| | 15
— ]
= —
z | } &
o 60 | 210
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@ \ | i
40 | | s ]
i | J
I | 0
20F i |
/ | | 5
0 L L L - L

L L L L |
0 2 4 6 8 10 12 14 16 0 0.5

Time [s] Time [s]

(a) (b)
Figure 10. V-I observer estimator simulation. (a) Speed profile. (b) Position estimation error.

Of course the driving of the motor from standstill with the only V-1 observer is not suggested,
as below its operational bandwidth the estimation is not robust and low torque demand can be satisfied.

5. Experimental Results

The experiments were carried out by means of the SuperSigma?2 controller from DMC Gmbh,
a voltage source inverter with embedded control logic which can hold either speed and torque control
modes. The inverter was supplied by a power supply rated 24 V and 250 A. The tests were performed
on an Ashwood IPM whose data are listed in Table 1.

Table 1. Motor parameters.

Symbol Description Value
Rs Winding resistance 8.7 [mQ]
Ly d-axis inductance 100 [nH]
Lg g-axis inductance 130 [1H]
Yo Magnetic flux linkage 9.1 [V] @ 1000 rpm
Vi Rated voltage 48[V

Is max Maximum phase current 250 [A]
Winax Maximum speed 6000 [rpm]
p Number of pole pairs 4
Ty Rated torque 20 [Nm]
P, Rated power 7 [Kw]

The inner current loops were executed at 125 us, while the speed loop was tuned at 1 ms. The rotor
position and speed for the sensorless control were obtained from the saliency-based estimator until
150 rpm and from the V-I observer above that speed. The changeover between the two algorithms
is managed in order to have a bumpless transition both in acceleration and deceleration transient,
including an hysteresis for avoiding continuous change between the algorithms when the motor speed
is close to the above mentioned threshold. An analog sin-cos sensor was installed on the motor to
evaluate the estimation capability of the algorithms. The hardware setup for both no-load and loaded
experiments are shown in Figure 11.
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Figure 11. Hardware setup. (a) No-load experiments. (b) Loaded experiments.

Firstly the performance of the saliency-based observer alone was tested at standstill with no load.
The capability of retrieving the position information, was assessed by manually imposing position
steps at the rotor; as shown in Figure 12 the estimation error oscillates around 5°, which is a good result.
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Figure 12. Stanstill position error at imposed rotor positions.

The second test that was performed in order to assess the robustness of the saliency-based
estimator under speed transient. To this means the control was activated closing both the inner
and outer loop with the estimated position (used to operate Park transformations) and speed. It is
remarkable that the injection frequency should be high enough to be out of the bandwidth of the
current controllers, otherwise they would try to regulate the HF current to 0, thus cancelling the
saliency information produced by the injection and making the estimation unfeasible. Figure 13 shows
how the algorithm properly tracks the rotor position and therefore allows the control to follow different
setpoints, considering both acceleration and deceleration ramps. It is worth to notice that the algorithm
manages to drive the motor back to zero speed maintaining a very small error of 5°.

Once assessed the performance at low speed, the V-I observer was introduced and a test was
carried out for evaluating the transition between algorithms and the capability of the complete
sensorless control to drive the motor back to 0 speed and re-start without losing the position
information. Figure 14 shows that this result was achieved with the usual small position error and
with a robust reaction to fast ramp setpiont: the rotor was asked to accelerate from zero to 1200 rpm
in 2 s and then to decelerate to zero in the same time. It can be noticed that the speed setpoint was
closely and robustly followed. Notice that the HF injection is deactivated during the acceleration
transient when the V-1 observer kicks in and re-activated in deceleration just before the saliency-based
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estimator has to restart tracking the rotor position, this for reducing the acoustic noise and increase the
control efficiency. Attention must be paid on rotor position error. It is not possible, in fact, to reach zero
steady state error, as can be seen in Figures 13 and 14. Error can be reduced for a specific speed value
by making a very precise tuning of the pass bandwidth, but this should be done for every specific
application. Experimental tests show that an error estimation around 5° on rotor position is a good
trade off in terms of robustness and efficiency.
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Figure 13. Sensorless drive at low speeds using the HF injection based estimator. (a) Speed tracking.
(b) Position estimation error.
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Figure 14. Sensorless drive in a wide speed range with no load. (a) Speed tracking. (b) Position
estimation error.

Finally, the torque production capability of the sensorless control was tested. These tests have
been performed with a constant speed reference for the motor and applying increasing torque until
its rated value. Figures 15 and 16 show, respectively, a test at standstill-start-up and at 150 rpm;
during those test the saliency-based estimator alone was active.

At standstill lower torque is produced since the PLL gains limit the estimation bandwidth and
further adjustment are necessary, but the tests showed that the estimation algorithm is robust and
it allows to start the motor with at least half of the rated torque. At low speed instead rated torque
production is assured. It must be remarked that in this test the HF injection is active and employing
60% of the maximum voltage, which produces a current that is, for this motor, about 20% the maximum
value. Due to this, only 80% of the maximum current can be used for torque production and the
peak torque can not be achieved at low speed since the maximum current is not delivered for torque
production only. Figure 17 also shows the importance of an accurate tuning of the band-pass filter
bandwidth and order: the fundamental current used to produce torque is nearly 10 times greater
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in magnitude than the one which carries the position information, thus a second or third order

filter is recommended.
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Figure 15. Loaded behaviour at standstill and start-up. (a) Speed tracking. (b) Torque produced.
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Figure 17. Fourier analysis of the d-axis current in the synchronous injection frame.

6. Conclusions

This paper presents a new algorithm to allow the sensorless control of an IPM motor that was
implemented and tested on industrial hardware. The algorithm combines two different observers
for covering the widest speed range possible: at low speed an estimator tracking the motor saliency
is employed together with an HF signal injection, while at medium to high speeds a modified V-I
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observer with internal closed-loop integrator correction was developed. The overall sensorless control
succeeds in driving the motor from zero speed to the base point assuring rated torque in the whole
speed range and a smooth transition between the two estimation methods. The developed algorithm
has the great strength of being highly scalable and has application on a large variety of hardware
and application since it relies on very few parameters, namely the PLL gains, the stator resistance
and inductances and the observer bandwidth. Moreover, thanks to robustness and accuracy that this
control strategy reached, the possibility to use it also in applications in which sensor is present can be
considered, for example avoiding sensor damages or cabling problems.
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