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Solving Sensorless IPMSM Equations

Haomin Li"¥, Babak Nahid-Mobarakeh

Abstract—We show that the two equations of interior permanent
magnet synchronous motors always satisfy four (speed, position)
solution pairs, predetermining where sensorless algorithms will
end up. With such finiteness, we see a silver lining in establish-
ing theoretical basics for the open problem of startup with an
unknown initial position. We reveal normal-reversal duality that
demystifies the familiar binary behavior of sensorless field-oriented
control (FOC) scheme with the genuine/specious pair, and devise a
detection-quit mechanism to help FOC systems flee the specious
pair using the knowledge of motor/generator mode. These two
ingredients enable a tailored sensorless algorithm that can obviate
the need for initial position detection.

Index Terms—Initial position, interior permanent magnet
synchronous motor (IPMSM), observer, sensorless.

I. INTRODUCTION

ITHOUT costly, delicate encoders, sensorless interior
permanent magnet synchronous motors (IPMSMs) are
ideal for compactness and reliability [1], [2], [3]. The pair (speed,
position) is typically obtained by trimming the motor model and
fitting the resultant normal forms into a list of methodologies.
Considering the mature classification in existing reviews [4], [5],
[6], [7], [8], [9], [10] and the wealth of literature, we attempt
to view numerous works through the lens of a crude binary
breakdown, that is, seven fulfillments and two open problems. To
this end, we invoke the ready criteria of a Texas Instruments (TT)
product [11], which implies a nice, comprehensive summary of
the current status and future challenges as follows:
(T1) No tuning parameter needed across various speed/loads.
(T2) No extrainjection needed in full load zero speed startup.
(T3) Ample torque for heavy/full/overload applied at startup.
(T4) Position converges in the first startup cycle at any speed.
(TS) Superior, accurate speed and position estimation signal.
(T6) Completely stable speed reversals crossing zero-speed.
(T7) Stable operation for, including generator, all quadrants.
(T8) Startup with load subject to an unknown initial position.
(T9) Estimation at standstill for holding torque or stall restart.
Generally, (T1)—(T7) are basic criteria well fulfilled by the
state-of-the-art (SOTA) sensorless solutions or observers, except
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for the tricky long-time ultralow/near-zero speed scenario due to
the inevitable inverter irregularities, the biggest roadblock that
hinders academic SOTAs or products. So commercial products,
TI and Mitsubishi [12] for instance, only guarantee full torque
below 1 Hz and 80% torque below 6 r/min, respectively. In
contrast, (T8) and (T9) have not been well fulfilled, so that
academic SOTAs mainly focus on cracking these two open
problems rather than (T1)—(T7).

The persistent interest in (T9), namely zero-speed position
estimation to reach full torque, has practical significance in
scenarios where, e.g., a power drill holds a screw, or a bicycle
stalls on a slope, or a crane lifts objects. Thus, (T9) is essential
for all leading products, examples include STMicroelectronics
ZeST [13], TIFAST, and Mitsubishi. The demand for (T9) leads
to three typical research lines. The high-frequency signal injec-
tion line is dedicated to O r/min position estimation and performs
the best zero-speed full torque delivery [5]. The flux-based line
has the advantage of independence from speed. To name but
a few SOTAs, both the incipient active flux proposals [14],
[15] and recent designs [16], [17] exhibit successful full load
capability at 1 r/min ultralow-speed or O r/min. Several SOTAs
along the current derivative line also enable excellent zero-speed
full-load performance [18], [19].

However, existing knowledge and theory for the other open
problem (T8) is incomplete. The only fact we know for sure so
far is that sensorless algorithms eventually end up converging
to a (speed, position) pair need not match up the real-world,
and that sensorless IPMSM systems fed by an erroneous pair
may crash quickly. Starting out from this basic fact, it follows
that fulfilling startup with an unknown initial position amounts
to a stepwise procedure of getting through the following three
problems.

(P1) Listout all the possible pairs, one real and the rest being

erroneous, that sensorless algorithms end up with.

(P2) Pick out the specious pairs that can help manage control

systems to buy time for self-check, avoiding utter crash.

(P3) Figure out how to let the deceived control system realize

and flee specious pairs to get back to the real-world pair.

The first contribution is the answers to (P1)—(P3) as follows:

® The IPMSM dynamics fits in a special structure and hence

always have four solutions, answering (P1) and yielding a
tailored sensorless algorithm that only covers (T1)—(T7).
® The normal-reversal duality concept, answering (P2) and
identifying a specious pair that can manage to keep
sensorless control systems from crash, though imperfectly.
® A quit mechanism based on normal-reversal duality and
the knowledge of motor/generator mode, answering (P3)
and upgrading the primitive algorithm to cover (T1)—(T8).
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The second contribution is that the algorithm, arising from
(P1), keeps the IPMSM model fully intact and hence is tailored
for IPMSMs, not compromising with any ready methodology.
The biggest drawback of this algorithm, occurred unexpectedly
in experiments as opposed to simulations, is its severe sensitivity
to the variation of rotor flux parameter.

II. MAIN RESULTS

In the af frame, u,,ug, and i,,ig are the stator voltages
and currents. 1, is the permanent magnet flux. R is the stator
resistance. Lo = (Lq + Ly)/2 and Ly = (Ly — L,)/2, where
Lgq and L are the dg-axes inductances. w and 6 are the electrical
speed and position. T, and 77, are the electromagnetic torque
and load. iq and i, are dg-axes currents. &, é, Te, i, iAq denote
estimates and 0 = 6 — 0 is the position error. w*, iy, iy denote
references.

A. Solving Sensorless IPMSM Equations

We attempt to answer (P1) with a byproduct in [20] and the
metaphor of fate versus fortune. We consider a special system
of nonlinear equations, which comprises two unknowns (w, )

and seven arbitrary coefficients By, By, B3, By, Bs, Bg, Br
B cos 20 + By sin 20 — Bsw sin 26

+ Bywcos 20 — Bswsin + Bg = 0 (1a)
B sin 20 — By cos 20 + Bsw cos 20
+ Bywsin 20 4 Bswcos  + By = 0. (1b)

Its exact solutions could be formulated, and the number of
solutions is four [20], an independent constant regardless of
arbitrary By, B2, Bs, B4, Bs, Bg, B7 values. On the other hand,
the values of its four solutions, as denoted as follows,

(@1761% (@2762)7 (‘*}’3;63)7 (@4764) (2)

are highly irregular due to the intricate dependence on arbitrary

Bi1, Bs, B3, B4, Bs, Bg, B7 values, moreover, the nature of (2)

is indeterminate, being all real, or all complex, or in-between.
Turning back to (P1), the IPMSM electrical dynamics is

Ug = Rig + Loig + Lyiy cos 20 + Lyig sin 26
—2L1iqwsin20 + 2Ligw cos 20 — Ppwsind  (3a)
up = Rig + Loig + Lyin sin 20 — Lyig cos 20
+ 2L1iqw cos 20 + 2Lyigw sin 20 + Y,,w cos  (3b)

where ., R, Lo, L1, and 4,8, uq, ug are known, but w, 0
are unknown in sensorless terms. If we link its seven ran-
dom coefficients L1y, L1ig, 2L1%0, 20173, Y, Loie + Ria —
U, Loip + Rig — ug to By, Bo, Bz, By, Bs, Bs, By, itis clear
(3) fits exactly in the form of (1), implying the fate of the
electrical dynamics is predetermined and has to always satisfy
four (speed, position) pairs impossible to tell apart. Besides, such
constant four never changes despite varying/uncertain/erroneous
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¥m, R, Lo, L1 parameters, or injecting high-frequency signals
in uq,ug,%q, 18, or sensor drift/noise/failures, or u,, ug mis-
matches of inverter irregularities, or filtered i, 'L"ﬂ, or motor
fault/malfunctions, etc.

Using a new letter 7, we pack up (3a) and (3b) as 7, (w, 6) =
T3(w, §) = 0, respectively, to present (3) in a compact form

7(w,0) = 0. )

Looking on the bright side, four has capped the worst-case
scenario, so indistinguishability cannot be any worse. Despite
this destined constant, the electrical dynamics comes with two
inherent fortunes, namely a real-world rotor and the sinusoidal
nature, so that the four solutions of (4) exhibit a more refined
characterization in contrast to the crude characterization of (2),
paving the way for the development of a sensorless algorithm.

In contrast to the indefinite nature of (2), the existence of a
real-world (w, #) narrows the feasibility of the four solutions of
(4) down to either of the two cases [20, Prop. 14]

(w7 6)’ (w/7 9’)’ (w/C7 6/6)’ (E’ 97/6) (Sa)
(w7 0)’ (w/79/)’ (w/17 9’1)7 (wé? 9/2) (Sb)

and particularly, solving (4) given a zero-speed rotor yields
(07 9)7 (01 0 + 7T), (W/c(]a 6::())7 (TQOﬂ %) (63)
(Ov 9)7 (07 0+ 71—)’ (Wllo, 9/10)7 (W/QO’ 9,20) (6b)

where the case (5a) implies two real solutions (w, 0), (w',0")
and two complex conjugate solutions (w/., 0..), (wL, 0..), whereas
the second case (5b) implies all four solutions are real. Due to
the fact (2) depends on the random By, By, Bs, By, Bs, Bg, Br
coefficients intricately, the three specious solutions are random
as well, depending on both all the coefficients of (4) and (w, 6).

Up to now, the characterization of two feasible cases in (5) is
the farthest theoretical end we can reach with rigor. However, (5)
does not offer any knowledge about the difference amongst the
solutions to tell apart at least (w, §) and (w',0"). Thus, we have
to explore how the sinusoidal nature, the second fortune, can
further enhance the characterization of four solutions based on
the refined characterization given in (5). We accept that the use
of such sinusoidal fortune may be disliked in [20, Sec. IV-E],
which exhibits pragmatic intuition, assumption, at the cost of
losing rigor and implying flaws, completely out of tune with the
rest of the contents of [20]. In fact, it is driven by a wish to
see the rough difference between (w', §') and (w, 0), and by the
idea that the more knowledge, the more chance we can make
a difference, or otherwise we have to stop at (5) and cannot
advance to enhance theoretic basics for (T8).

To elaborate, i, =14 cos — i,sin6,ig=i4sin 6 + i, cos 0,
and i, = —iqwsinf — iqw cos f, ZB = iqw cos ) — igwsind,
assuming 74, i, constants, imply i, i3 and s 15 are sinusoidal
whose orbit is only a circle but not the entire plane. Thus, the
coefficients of (4) are sinusoidal and correlated with the
real-world (w, 6), taking up only a tiny part of the entire
world the arbitrary and irregular By, By, B3, By, Bs, Bg, By
coefficients of (1) live in. It follows that the solutions in (5)
are much less arbitrary and less irregular than the solutions
presented in (2).
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Such significantly drastic coefficient restriction significantly
slashes arbitrariness and irregularity, further narrows the two
feasible cases in (5) down to only one case (5a), resulting in

(wlv 9,) ~ (7("]5 0 + 7T) (7)

which grips the primary difference between (w, 6) and (&', 0"),
telling how (w’, 8’) looks like in terms of the real-world (w, 6).

It is important to interpret (7) as carrying extra knowledge.
First, w’ &~ —w tells the primary difference between w’ and w
is a negative sign, which should never be viewed as |w'| = |w|.
Second, 0" & 6 + 7 tells the primary difference between 6’ and
0 is an offset that fluctuates around 7. So equality never occurs in
(7), and the incipient interpretation in [20, Sec. IV-E] is incorrect
and lacks maturity. In fact, (7) can be viewed as the more an
IPMSM differs from a surface-mounted motor, or the higher the
saliency L,/ Lg, the more (w', 0") deviates from the prediction
(—w, 0 + ), preserving only primary differences.

Since solving (4) amounts to a minimization process in (8), a
primitive sensorless algorithm can be developed as follows:

(@,0) = argmin 7,2(&,0) + 75%(@,0), 0<60 <21 (8)

which exhibits the following two basic features.

e By (5a), the estimated pair (&, #) converges either to the
real-world (w, 8) or otherwise to (w’,8), since the other
two complex pairs do not exist in the real world.

e By (7), (w,0) and (u', @) are very far apart at any speed
(slightly disagrees with the incipient gist in [20, Sec. V-A]
that lacks maturity), implying that startup under unknown
initial position is the only cause of converging to («’, 8).

As analyzed above and verified later in copious simulations

and experiments, the only cause the primitive solver (8) ends
up at (w’,0') is heavy load startup with unknown large initial
position errors, or otherwise (8) itself is fully adequate to meet
(T1)—~(T7). Hence, for applications without the unknown large
initial position error problem, Sections II-B and II-C, which is
merely to upgrade (8) to meet (T8), can be neglected.

B. Sensorless Normal-Reversal Duality

We answer (P2) by showing the specious pair (v, §') does
not cause an utter crash, but deceives controllers into thinking
everything works fine, resulting in normal-reversal duality. To
demystify, it characterizes two states sensorless FOC schemes
can function stably: a genuine stable state using (w, 8) for Park
transform, and an imperfect reverse state using (w’, ). The key
to analyze why using (w', 8') for Park transform can still manage
FOC systems is 8 ~ 6 + m, as converting (3) with #’ directly
leads to a form too lengthy and complicated to analyze.

The classical FOC scheme, of course taking for granted that
the real-world rotor position € is used for Park transform, is
shown in Fig. 1 and expressed as follows:

(9a)
(9b)

ug — Lqwiq = Lyiq + Rig — Lywig
Uq + Lawiqg + Pmw = Lqi.q + Rig + Lqwig + Ymw

where the left-hand side of (9a) and (9b) are the total control
outputs, comprising decoupling terms and the outputs u4 and u,
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FOC + MTPA

Proposed
Algorithm

Fig. 1.  Classical sensorless FOC diagram.
Positive Torque
Quadrant 2 Quadrant 1
w < 0,Te > 0(ig > 0)|w > 0,T. > 0(iqg > 0)

Negative Reverse Regeneration| Forward Motoring Positive

Speed . . Speed
Reverse Motoring |Forward Regeneration

w < 0,Te < 0(ig < 0)|w > 0,T;, < 0(ig <0)
Quadrant 3 Quadrant 4
Negative Torque

Fig. 2. Motor/generator mode of four quadrants.

of two PI current controllers. Based on the simple linear struc-
ture ug = Ldi'd + Rigand ug = Lqi;] + Riy in the normal sen-
sorless state, the parameters of dq current controllers can be
finalized, so that ug regulates 74 well, and u,, regulates ¢, well.
Applying Park transform with 6 + 7 and keeping the classical
controller design policy of (9) unchanged, we convert (3) into

uly — Low'ily = Laily + Rily — Lowi, (10a)

Uy + Law'ily + Pmw’ = Lyil, + Rily + Lawily — ¥mw (10b)

where iq,ig become iy, ;. tq,us become the left-hand side,
which comprises decoupling terms and the outputs u; and u;
of two PI current controllers. Considering v,,w’ &~ —1),,w and
neglecting the small terms Lqw’i); and Lgwi;, (10b) becomes
u’q =~ Lqi; + Ri;, the same linear system as uq = Lqi;] + Rig,
so the originally finalized g-axis PI controller can regulate i,
well. While (10a) exhibits a linear structure with an additional
disturbance, namely u); = Lqi); + Rij; + Lq(w' — w)iy, so the
originally finalized d-axis controller, being PI type, can still
regulate ¢/, but may not as good as how it regulates iq based
on the clean linear system structure ug = Lqiq + Rig.

Regulating i, through the lens of § + 7-based coordinate is
equivalent to regulating i, through the lens of the well-known
f-based coordinate. Moreover, i; differs from i, up to a sign
since iy, & —iq sin(6 + ) +ig cos(0 + 7) = —i,.

It is important to note that we merely study how the original
FOC system behaves if the estimated (@, 6) of (8) converges
to (—w, 0 + ), a best-case scenario capturing primary features
for the sake of analysis. However, (@, é) indeed converges to
(w',0"), which may deviate away from (—w, 6 + 7) a lot, e.g.,
if the saliency is large, and the reverse state control perfor-
mance based on (w’,#') may deteriorate significantly and not
as what the above analysis predicts. Hence, a quit mechanism is
needed, both to detect whether the algorithm (8) gets trapped at
(w',0") and help get back to (w, #). The key to the quit mech-
anism is the knowledge of motor/generator mode, as shown in
Fig. 2.

To sum up, startup with unknown initial position may cause
the algorithm soon converge to (w',6’), getting in the reverse
sensorless state. Despite possible flaws and glitches, the FOC
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Fig. 3.  Actual, observed, and expected modes.

system that takes (w, #) based transform for granted can still
manage imperfectly with (w’, 6’) based transform, buying time
for the quit mechanism to detect and interfere to force the FOC
system back to the normal sensorless state. Thus, in terms of
how soon such quit mechanism acts, which can be flexibly
set by a timeout whose counting begins with the algorithm
launch, we suggest the earlier the better, before the situation
deteriorates to an extent much more than the FOC system can
manage.

C. Detection-Quit Mechanism

This section is to make the article self-contained without the
need to reach [20, Sec. V-A], which answers (P3).

Without loss of generality, counterclockwise rotation/torque
are assigned the sign “+,” and clockwise rotation/torque the
sign “—.” Since it is the actual g-axis current %, that generates
electromagnetic torque to resist 77, the sign of z; is the same
as T, as Fig. 3(a) shows. The speed controller regulates w’ to
track the reference w* since (w’, 8’) traps the algorithm, so the
sign of w’ matches the sign of w*, and the sign of w opposites the
sign of w* as w ~ —w'’. The two resultant operations are shown
in Fig. 3(b) and (c), which are detailed as follows.

Actual mode iyw* Observed mode i;w’ Command mode w*7Ty Refer to
Generator (+)(—)  Generator (—)(+) Motor (+)(—) Fig. 3(b)
Motor (+)(+) Motor (—)(—) Generator (—)(—) Fig. 3(c)

It shows the following three classes of knowledge of mo-
tor/generator mode.
e Real-world motor/generator mode, which is unknown to an
algorithm, implied by the 4-/— sign of ¢,w, respectively.
® Observed motor/generator mode, which is available to an
algorithm, implied by the +/— sign of 4w’ respectively.
e Expected motor/generator mode, which is available to an
algorithm, implied by the —/+ sign of w*T7, respectively.
Thus, the real-world and the observed motor/generator mode
always coincide, implying motor/generator modes are reliable
in the sensorless setting, regardless of IPMSMs operating with
the real-world (w, 6) or cheated by the specious (w’, §').
Once algorithms get trapped, a detectable mismatch between
the command and observed motor/generator mode will happen.
Hence, the primitive algorithm (8) can be upgraded as follows.

Solver: Implement (8) to get a feasible pair (&, 6).

Detection & Correction: Activate a timer at startup, if the
sign of i;d) indicating the observed mode disagrees with the
command mode at timeout, then execute @ < —, 0+ O—nx.
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Fig. 4. Description of the IPMSM drive test setup.

Although (8) can be implemented by any numerical method,
in later simulations and experiments it is only implemented in
the simplest way, namely the steepest gradient descent method.

III. PERFORMANCE EVALUATION

The parametersare R = 0.4, Ly = 11 mH, L, = 14.3mH,
and v,,, = 0.343 wb, the rated torque 23.6 Nm, and the pole pair
number 5. The rated speed is 900 r/min. The dc-link voltage
is 300 V. The IPMSM is controlled by TMS320F28377D and
driven by a three-phase voltage source inverter with Infineon
IGBTs, as shown in Fig. 4. The control frequency is 10 kHz,
and the dead-time is 2 us.

In all simulations and experiments the common settings are
as follows.

® The gradient step size is set as 0.1, which is not optimal.

® A load torque step is applied at ¢ = 0, the startup instant.

® A speed step command is given at ¢ = 0 for self startup.

Experiments are designed to benchmark (T1)—(T8), including
the following:

e To benchmark (T3), 80% and 110% step loads are applied

at startup to result in 150% torque delivery intentionally.

e To benchmark (T6) and (T7) three fast reversals are tested

a) Quadrant 1 to 2, reversing only the speed direction.

b) Quadrant 1 to 4, reversing only the torque direction.

¢) Quadrant 1 to 3, with both speed and torque reversed.

e To benchmark (T8), four initial error setups are performed

a) Small é(O) error, not triggering detection/correction.
b) Small 6(0) offset, not triggering detection/correction.
c) Large é(O) error, able to trigger detection/correction.
d) Large 0(0) offset, able to trigger detection/correction.

We tested the algorithm with the ready TI criteria (T1)—(T8)
and summarized the performance evaluation of all simulations
and experiments in Table I. Experimental results meet simulation
expectations, for example, a large unknown initial position offset
is the only cause that can activate the quit mechanism.

We noticed three evident drawbacks of our algorithm when
put in experiments. First, speed estimate is sensitive to the
flux parameter 1),,, an unexpected severe drawback violating
even the most basic criterion (T5), for which we suggest cali-
bration. Second, the low-speed performance degrades severely,
and the motor stalled below 10 r/min in experiments, partly
because the dead-time devoured most voltage and left nothing
to it. Third, we did not conduct tests for (T9), partly because
telling apart (0,6), (0,0 4+ 7) in (6) is difficult without extra
knowledge.

Experiments and simulations, without voltage compensation
and filter techniques, are not optimal for objective evaluation.
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Fig. 5. (a) Full load startup with an initial +90° position error, 4100 r/min. (b) Full load startup with an initial —90° position error, 4100 r/min. (c) Full load

startup with an initial +90° position error, —100 r/min. (d) Full load startup with an initial —90° position error, —100 r/min.

TABLE I
PERFORMANCE EVALUATION

Please refer to figures

Term
Simulations Experiments
(T1) v/ A numerical implementation of (8)
(T2) / All figures Fig. 9a, Fig. 10b
(T3) / All figures Fig. 9a, Fig. 10b
(T4) / All figures Fig. 8a—Fig. 14b
(T3) / All figures All figures
(T6) / All figures Fig. 8c-Fig. 10b, Fig. 11b-Fig. 13a
(T7) v/ All figures Fig. 9a-Fig. 10c, Fig. 11b-Fig. 13a
(T8) v/ Fig. 5a-Fig. 5d, Fig. 7c Fig. 11b-Fig. 14a
(T9) x Fig. 7a-Fig. 7d Fig. 14b

We suggest extra compensation for inverter irregularities and
dead-time effects to max out the simulation feasibility.

A. Simulations

Figs. 5(a)—(d) show startup of +-100 r/min full load speed step
responses, with large unknown initial position offsets to verify
the correction mechanism. To this end, the timeout of the timer
was set to 0.25 s, and the other setups, with 6(0) = 0, were as
follows.

1) The exact command was forward motoring at 4100 r/min.

a) Fig. 5(a) shows, with an unknown initial offset 6(0) =
+90°, the mode was observed as Quadrant 1, which
matched the command and did not trigger correction.

b) Fig. 5(b) shows an unknown #(0) = —90° initial offset
led to the observed mode being forward regeneration
as against the command mode, triggering correction.

2) The exact command was — 100 r/min reverse regeneration.

a) Fig. 5(c) shows, with an unknown initial offset 6(0) =
+90°, the mode was observed as Quadrant 2, which
matched the command and did not trigger correction.

b) Fig. 5(d) shows an unknown 6(0) = —90° initial offset
resulted in the observed mode being reverse motoring
as against the command mode, triggering correction.

Figs. 6(a) and (b) show speed step responses at, respectively,
100 r/min and 10 r/min as well as, respectively, =100 r/min and
410 r/min fast reversal under full load. The load step applied at
startup caused spin reversal and fast shift into Quadrant 2.

Fig. 6(c) shows full load step applied at steady-state 100 r/min.

Fig. 6(d) shows full load step applied at 10 r/min, causing fast
shift to Quadrant 2, spin reversal, and recovery to Quadrant 1.

Figs. 7(a)—(d) show repeated tests at near zero speeds, where
inverter irregularities became unignorable.

Fig. 7(a) shows 1 r/min speed step response with full load
and +1 r/min fast reversal. The load step applied at startup
caused drastic spin reversal, fast shift to Quadrant 2, and fast
recovery.

Fig. 7(b) shows full load step applied at a steady speed 1 r/min.

Fig. 7(c) shows startup under full load step, with the command
being 1 r/min in Quadrant 1. An unknown 6(0) = +120° initial
offset caused the observed mode being regeneration in Quadrant
2 as against the command, thus triggering correction.

Fig. 7(d) shows the speed step response under 0.1 r/min
command with a full load step applied at startup. The position
estimation error at 0.1 r/min was significant without compensa-
tion.

It follows that experiments would be worse than simulations.

B. Experiments

Fig. 8(a) shows a 100% load step applied at steady 300 r/min.
Fig. 8(b) shows a 110% load step was applied when the motor
was running steadily at 100 r/min, resulting in a transient stall.
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Fig. 8(c) shows a 50% load step applied at steady-state 50
r/min, causing a bigger speed error. This implied the severe
low-speed degradation of our algorithm without inverter com-
pensation.

Fig. 9(a) shows the speed step response at 100 r/min, with a
110% load step applied at the startup moment. The load motor
was stronger than the test motor, causing a slight startup reversal.

The quadrant tests in Figs. 9(b) and (c) were challenging.

Fig. 9(b) shows £100 r/min step responses under 50% startup
load step, and tough quadrant transition from forward motor-
ing mode (Quadrant 1) into reverse motoring mode (Quad-
rant 3), after changing the direction of both load and speed
command.

Fig. 9(c) shows £50 r/min step responses under 30% startup
load step, and tough quadrant transition from forward motoring
mode (Quadrant 1) into reverse motoring mode (Quadrant 3),
changing simultaneously the direction of speed command and
load. Speed estimation error was bigger compared with Fig. 9(b).

Fig. 10(a) shows a 100 r/min step response with a 50% startup
load step, fast =100 r/min spin reversal and quadrant shift from
forward motoring mode (Quadrant 1) to reverse regenerative
mode (Quadrant 2). The torque with negative speed became a
bit smaller because the friction torque had changed direction.

Fig. 10(b) shows a 100 r/min step response with an 80%
startup load step, fast 2100 r/min spin reversal and quadrant
shift from forward motoring mode (Quadrant 1) to reverse

regenerative mode (Quadrant 2). Again, torque at negative speed
was a bit smaller than positive thanks to the assistance of friction
torque.

Fig. 10(c) shows both 100 r/min step response, with a 50%
load step applied at startup, and quadrant shift. With a step
change of load direction, the motor then entered forward
regenerative mode (Quadrant 4) via forward motoring mode
(Quadrant 1).

Fig. 11(a) shows the 100 r/min step response under a 50%
startup load step and robustness against large dc offset in
current measurement. The +50% and +100% (of the amplitude
of i, and ig) dc offset Aig was intentionally injected to ig,
leading to slight speed and position fluctuations.

Detection/correction mechanism verification was fulfilled by
100 r/min speed step responses under various unknown initial
position offset/error scenarios, with a 50% startup load step and
the exact command being forward motoring at 100 r/min.

1) Fig. 11(b) shows the actual rotor position was 6(0) = 0,
whereas 6(0) = 90°. The observed regeneration mode
triggered correction, whose detection timeout was 920 ms.
Fig. 11(c) shows the actual rotor position was 6(0) = 0,
whereas é(O) = 180°. The observed regeneration mode
triggered correction, whose detection timeout was 920 ms.
Fig. 12(a) shows the actual rotor position was 6(0) = 90°,
whereas é(O) = (. The observed regeneration mode trig-
gered correction, whose detection timeout was 920 ms.

2)

3)
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4) Fig. 12(b) shows the actual rotor position was 6(0) =
180°, whereas 6 (0) = 0. The observed regeneration mode
triggered correction, whose detection timeout was 920 ms.

5) Fig. 12(c) shows the actual rotor position was 6(0) =
180°, whereas 0(0) = 0. The observed regeneration

0

mode triggered correction, whose detection timeout was

60 ms.

6) Fig. 13(a) shows the actual rotor position was 6(0)

:0’

whereas 0(0) = 180°. The observed regeneration mode
triggered correction, whose detection timeout was 60 ms.
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7) Fig. 13(b) shows the actual rotor position was 6(0) = 45°,

whereas é(O) = 0, which was unable to trigger correction.

8) Fig. 13(c) shows the actual rotor position was 6(0) = 0,

whereas 6(0) = 45°, which could not trigger correction.

In Figs. 11(b)-12(b) the quit timeout was set to trigger
at the steady-state and in the middle of the figures merely
for a nice presentation. The timeout, as discussed in Section
II-B, could be triggered as early as possible. For example,
Figs. 12(c) and 13(a) show timeout was set to occur short after the
startup.

Fig. 14(a) shows correction could not be triggered in 100 r/min
no-load speed step response, with 6(0) = 0 and 6(0) = —90°.

Fig. 14(b) shows £10 r/min, the lowest speed, fast spin
reversal. To reproduce simulation feasibilities implied in, for
example, Figs. 7(a)—(d), we recommend compensation.

Influence of the mismatched parameters was studied, and the
maximum possible parameter mismatches that could cause the
sensorless FOC system crash utterly were also explored.

Fig. 14(c) shows the test of robustness against AR, an extra
error imposed to resistance R, carried out at 100 r/min with a
50% load. The value of AR/ R varied from —100% to +500%.

Fig. 15(a) shows the test of robustness against ALy, an extra
error imposed to inductance L, carried out at 100 r/min with a
50% load. The error ALy/ Ly varied from —50% to +150%. It
can be seen that the sensorless system crashed with 2.

Fig. 15(b) shows the test of robustness against AL, an extra
error imposed to inductance L, carried out at 100 r/min with a
50% load. The error AL, /L, varied from —100% to +400%.
It can be seen that the sensorless system crashed with 3L,,.

Fig. 15(c) shows the test of robustness against A, an extra
error imposed to rotor flux v,,, carried out at 100 r/min with a
50% load. The error Ay, /1), varied from —50% to +50%. It
can be seen that the speed estimate was sensitive to A,,.

IV. CONCLUSION

This article shows that the two familiar equations governing
IPMSMs satisfy four (speed and position) pairs, which predicts
sensorless algorithms end up in finite many ways and hence
facilitate a primitive theoretic explanation of what may happen
if sensorless IPMSMs startup with an unknown initial position.
The proposed normal-reversal duality concept characterizes
a normal state where the FOC system works fine with the
real-world pair, and a reverse state where the FOC system
manages imperfectly with a specious pair, as opposed to
an utter crash. In case IPMSMs startup with an unknown
initial position such that algorithms end up with a specious
pair, a detection-quit mechanism using the knowledge of
motor/generator mode is devised to help the FOC system be
aware of and flee the erroneous reverse state the earlier the better.

An algorithm that preserves the IPMSM model intact and
equipped with a quit mechanism is given. Evaluated according
to seven necessary criteria of SOTAs and special startup tests
tailored for unknown initial position scenarios, it exhibits effec-
tiveness in both simulations and experiments. Experiments also
reveal one severe disadvantage of this algorithm, that is, speed
estimate is sensitive to the rotor flux parameter.
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