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A Current Observer to Reduce the Sensor Count in
Three-Phase PM Synchronous Machine Drives

Michael Eull ¥, Mustafa Mohamadian

and Matthias Preindl

Abstract—Reduced sensor systems are a topic receiving increas-
ing attention as manufacturers seek to reduce costs by remov-
ing components from systems. One popular option is to remove
phase current sensors and to estimate the missing currents us-
ing the ones remaining. This paper proves that it is possible to
estimate the three-phase currents of an anisotropic permanent-
magnet synchronous machine drive when only one-phase current
sensor is present. The necessary conditions for observability and
stability have been derived, providing certainty for the design of
a permanent-magnet synchronous machine drive controller. The
concept has been verified with high-fidelity simulations and exper-
iments that show the one-phase current sensor observer is capable
of controlling the drive system in the presence of sensor noise and
significant parameter errors. The proposed phase current observer
can be used to remove one sensor from a drive system by employing
the two sensor observer with the one sensor observer acting as a
failsafe.

Index Terms—Estimation, linear systems, motor drives, ob-
servers, permanent-magnet (PM) machines.
HE electrification of systems that were conventionally non-
T electric continues at a rapid pace, with the automotive
industry being no different. One of the major factors holding
back wider adoption of electrified vehicles is the cost, with a
key metric for converters being the cost per kilowatt ($/kW) [1].
Thus, reducing the system cost is an important endeavor. Fur-
thermore, safety has returned to the forefront with the advent of
ISO 26262: Road Vehicles—Functional Safety [2]. To that end, a
robust control strategy is critical, even if it means a cost reduction
cannot be realized.

One means of reducing costs has been to remove sensors
from the system by implementing sensorless or reduced sensor
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control strategies. The majority of studies have focused on re-
moving the position sensor [3]-[5] and current sensors [6]-[13].
With respect to current sensor reduction, a plurality focus on re-
moving all phase current sensors and replacing them with a sin-
gle dc-link current sensor, placed between the capacitor and the
semiconductors [6]-[9]. While this has the advantage of reduc-
ing the total sensor count by two, it also introduces inductance in
the dc-link, leading to higher voltage stresses on the capacitors
and transistors, as well as requiring a high bandwidth transducer.
In this case, system simplification and cost reduction may not
actually be realized.

An alternative to high bandwidth dc current sensors for zero-
phase current sensor control is to consider the use of a wound
rotor synchronous machine (WRSM) as opposed to a permanent-
magnet synchronous machine (PMSM). As shown in [10], the
use of the non-linear system enables the estimation of the three-
phase currents through the knowledge of the position, speed,
and the dc rotor excitation current of the WRSM alone.

To best overcome these issues, the current sensors should
remain on the phase outputs, which is also the most widely
employed approach to machine control. Most studies focus on
reduced sensor counts for induction machines; however, several
consider permanent magnet (PM) ones [11]-[13]. PMSMs are
popular with OEMs thanks to their efficiency, mass, and power
density advantages over other machine types [2]. In these three
papers, all employ an observer in the case of one (or both) of
the two current sensors encountering a fault, with the third (re-
dundant) phase current sensor having been removed from the
system.

The aforementioned studies have employed the concept of
single current sensor control but have not been rigorous in their
treatment of it. Indeed, in all three, observability is assumed to
always be true, which may not necessarily be the case under
any operating condition or even to begin with. Furthermore, the
gain matrices applied in these works are provided as is with little
derivation.

This paper builds upon previous works [11]-[14] by deriving
the conditions for observability and stability, as well as providing
thorough experimental validation of the algorithm in transient
and steady-state conditions. Furthermore, the observer is shown
to be capable of making a stable transition from two-to-one sen-
sor operation, should a sensor failure occur during operation.
Combined with the ability to reject sensor noise and parameter
errors, the proposed linear phase current observer’s robustness
has been demonstrated.
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II. MACHINE MODEL

The general state-space equations are written as
&(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t)

(1a)
(1b)

where A, B, C, and D are matrices related to the system at
hand; x(¢) is the state vector and (¢) is its derivative; u(¢) is
the input to the system; and y/(¢) is the (measured) output of the
system. Working in state space is conducive to both modeling
and control.

A. Coordinate System Transformations

The Clarke transform moves the three-phase system to a
two-phase stationary coordinate system, where the axes are or-
thogonal to one another. This transformation is performed as
Tag = Txqpe, Where
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An additional transformation, the Park transform, can be per-
formed to turn the stationary reference frame into a rotating one.
The benefit of such an operation is that the electrical system is
synchronized with this frame, making computations easier as
the time-varying variables look like constants. It is performed
as x4 = P(0.)xqp, where

cos 0,

P (0,) = l sin 96] . 3)

—sinf, cosf,

When enacting the control, it becomes necessary to perform
inverse transformations to go from the dq frame back to the abc
frame for the generation of pulsewidth modulation duty cycles.
The inverse Park transform is the transpose of the Park transform,
ie., P71(0.) = PT(6.). The inverse Clarke transform requires
more care as the matrix is not square. To handle this, one must
use the Moore—Penrose pseudoinverse of T, designated by the
superscript +, which is defined as

1
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B. dq Dynamical Model

The linear dynamical model of the PMWM in the dq frame,
can be written as [15]

Ld’id =wvg — Rig+ wequ’q (5a)

Lyiq = vqg — Rig — WeLaiq — wetby (5b)

where vg, 74, and L4 and vy, 44, and L, are the d- and g-axis
voltages, currents, and inductances, respectively; R is the per-
phase resistance of the stator windings; ¢, is the flux of the
PMs; w, is the electrical angular velocity, which is linked by the
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number of pole pairs, p, to the mechanical angular velocity, w,.,
by we =p - wy.

In (5), the system has been linearized by assuming that the
mechanical time constants are much slower than the electrical
ones and that the steady state has developed, i.e., w, = 0. These
assumptions combine to simplify the model from a non-linear
time-varying system to a linear time-invariant one, enabling an
easier analysis and design of the control. In turn, this makes the
machine’s back electromotive force an exogenous input to the
system, denoted by FE. From this, we can convert (5) to state
space and write the relevant matrices as

A = —Lg} (RT + wcJLg,)

B=L;'

—1
dg> E = wchq

where Ly, = diag([Lq, L,]); J = [[0, 1]T,[—1,0]"], which ac-
counts for cross-coupling effects between the two axes; and

Y= [07 "/}r]T'

III. OBSERVABILITY ANALYSIS

Observability is the property that the states of the system can
be reconstructed from the measured output. A system is observ-
able if the observability matrix defined as

C

CA
o-| ©)

cA"!

is of full column rank.

Observability of PMSM drives has previously been assessed
in literature, though not in the same manner as what is presented
in this paper. Indeed, the most comprehensive studies to date
focused on the non-linear system for both current [10] and po-
sition [16] estimation, where it was rigorously shown that the
machine’s currents, position, and speed could be estimated under
certain conditions. An equivalent assessment of observability for
the linear time-invariant model of a PMSM is necessary to verify
the feasibility of reduced sensor control.

Critical to the analysis is the C matrix and its definition. Typ-
ically, it defines what state(s) becomes the system’s output(s). In
this paper, it is modified to be comprised of two components: a
so-called sensor selection matrix, Q, which is used to designate
what sensors are present in-system; and inverse coordinate sys-
tem transformations, to move from g or dgq to abc. The system’s
output can then be written as

Y(t) = iape = Ci = QTP (0.) igq. )

The sensor selection matrix, Q, has several permutations
stemming from the basic form

phA 0 0
Q=| 0 phB O ©)
0 0 phC
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where ph A, phB, and phC € {0, 1} and denote the absence (0)
or presence (1) of a sensor.

A. Three and Two Sensor Cases

Proposition 1: The system is always observable when either
three or two sensors are present.

Proof: The Q, T*, and PT(6,) matrices all have rank 2.
Thus, the observability matrix’s rank is 2 and the system is
observable. |

B. One Sensor Case

Theorem 1: Let a motor drive have one current sensor on
phase k € {0, 1,2}. The system is observable iff Ln # 0 and

4 4
Rsin (298 - k;) 2w, (LZ cos (29e - k:;) —LA> £0

with L = 242 and Ly, = Litta,
Proof: Let Oy, be the observability matrix. Oy is a square
2 x 2 matrix and has full rank iff det Oy # 0, where

det O = La

y Rsin (20, — k%) + 2w, (Ly cos(20. — k%) — La)
(LA — L3,) '

The denominator, L% — L%, can be removed since

Lq—L,\> [Lq+L,\*
e (55 (245 <o

It is clear that the determinant is zero when either L A or the
inner term is zero. n

An interesting result arises from this theorem: During opera-
tion, the system will become temporarily unobservable in some
positions, which depends upon both the machine itself and its
operating point. Corollary 1 goes into greater detail regarding
this phenomenon for anisotropic PMSMs.

Corollary 1: With one current sensor present and La # 0,
the system is unobservable four times over a 27 period.

Proof: The electrical positions that render the system un-
observable can be solved for by finding when the determi-
nant is equal to zero by using the trigonometric identity
acos(z) + bsin(z) = csin(z + «), where ¢ = va? + b* and
a = arctan(%). In this formulation, @ = 2w, Ly and b = R.
Thus, the unobservable angles are

01 = 1 arcsin 2wela + k4—7r -« (9a)
’ 2 c 3
Ocp =01+ (9b)
1 2w L 4
0.3 == | m — arcsin Lea) LT (9¢)
’ 2 c 3
9&4 = 96’3 + 7. 9d)

This corollary can also be proven graphically by plotting the
determinant and its zero level set, as in Fig. 1. [ |
The periodic position-dependent unobservability is not con-
sidered to be an issue in practice. When the machine is rotating,
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Fig. 1. Determinant of Oy and its zero level set. (a) Determinant evaluated
over speed and position. (b) Zero level set.

the system is observable on average and the observer will cor-
rect whatever errors may be injected by poor estimates during
unobservable conditions; when the machine stops or stalls, the
likelihood of stopping in one of the unobservable positions is
infinitesimally small.

C. Zero Sensor Case

This scenario is clearly unobservable. When no sensors are
present, Q is zero, which forces C to zero. Consequently, the
observability matrix is zero, which has rank zero.

IV. OBSERVER

A. Model

The state-space model of (1) for an electric machine (i.e.,
D = 0) can be rewritten with an observer as

&(t) = Az(t) + Bu(t) + E(t) + Le(t) (10a)

(10b)
where the circumflex denotes an estimated quantity; A is the

model parameter matrix, which can deviate from the system
matrix, A; e(t) is an error term that is the difference between the
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Fig. 2. System block diagram with the observer.

output of the system and the model, i.e., e(t) = y(t) — §(t) =
C(x(t) — #(t)); and L is a gain matrix, known as the Luenberger
gain. Details of the structure of the observer itself are given in
Fig. 2.

Defining the state error as Z(t) = x(t) — &(t), it can be shown
that

E(t) = &(t) — 2(t) = (A — LC) Z(t). (11)

Hence, for the system error to go to zero with no parameter
mismatch (A = A), all eigenvalues of (A — LC) must be less
than zero. The Luenberger gain, L, can be designed to place the
system’s poles to obtain a desired response. Proportional gain
selection is discussed in detail in Section I'V-C.

B. Robustness

Robustness concerns the observer’s ability to sustain opera-
tion in the presence of modeling discrepancies. Generalizing the
observer, the parameter matrix can be rewritten as A = A+ A
where A is the error between the system and model. In this case,
the error dynamics change from (11) to

i(t) = (A —LC)Z(t) + Az(t) + Bu(t) + E(t).  (12)

Thus, modeling error leads to an error in the system dynamics.
In the dq frame, this is a constant error, which can be easily
removed by the addition of an integral component. The impacts
of this inclusion are discussed in Section IV-D.

C. Feedback Gain Selection

Proper selection of the Luenberger gain is critical to ensure
system stability. Moreover, a certain response may be desired
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when a torque or speed change is commanded during operation.
Both the stability and response of the PMSM are determined by
(A — LC), as indicated by (11).

There is a caveat with respect to the definition of L, which re-
sults from the definition of the error signal, e(t) = y(t) — §(t) =
C(x(t) — &(t)). In this formulation, the abc error is fed back into
observer; however, the model being used is the dq one. Thus, L
should contain a transformation to dq for proper compensation.
This is achieved by defining L = LCt: ie., the product of a
gain matrix and the pseudoinverse of C. In the two sensor case,
CTC = 1, resulting in the error dynamics

i(t) = (A —LC)i(t) = (A — L) z(t). (13)

In the one sensor case, however, C*C # I. Expanding the
compensation term gives LC to be

1 cos (29e + k%”) —sin (26‘e + k%”)

“L|1I .
2 <+l—sin(208+k23”) —Cos(298+k23”)])

(14)

The eigenvalues—and, particularly, those of the one sensor
system—are difficult to assess and it becomes beneficial to con-
sider their boundaries; that is, their maximum and minimum
values. Weyl’s inequality can be used for this purpose. Weyl’s
inequality places boundaries on the eigenvalues of a matrix by
considering the sum of its Hermitian constituent components.
Decomposing the system into Hermitian and non-Hermitian
components can be rationalized by considering the eigenval-
ues of A alone: the off-diagonal elements primarily determine
whether or not the eigenvalues are complex, whereas the diago-
nal elements primarily determine the real component. Because
A is non-Hermitian, it is highly probable that the eigenvalues
will be complex; thus, the real components become of primary
interest, as they determine system stability, which are given by
the Hermitian components.

Weyl!’s inequality specifies the upper and lower bounds on the
eigenvalues of the sum of Hermitian matrices. Defining three
Hermitian matrices, X, Y, and Z, with eigenvalues ;, v, and ¢,
respectively, and describing the system as Z = X + Y, Weyl’s
inequality states that

Cmax < Xmax T Ymax
Cmin Z Xmin + “Ymin -

It becomes necessary to decompose both A and L.C into Her-
mitian and non-Hermitian components. Performing an exem-
plary operation on A gives

R L
_Td 0 0 WETZ
A=A +A= +
0 —L% —wei—j 0
(15)

This shows that the Hermitian component of A is A . Similar
operations can be applied to (14). For L to be Hermitian, the
simplest structure is a diagonal matrix. Noting that the two and
one sensor cases have a different LC, as per (13) and (14), means
they must each have a different diagonal L. For the two sensor
case, this results in L, = diag([L, L,]). In the one sensor case,
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Two and one sensor observer simulations during a speed step (N = 0 r/min — N = 1400 r/min at ¢ = 0.01 s). Speed step performance sees little

degradation, in spite of the oscillations the one sensor observer generates with parameter error. (a) Two sensor observer, no parameter error. (b) One sensor observer,
no parameter error. (c) Two sensor observer, parameter error. (d) One sensor observer, parameter error.

by expanding (14), it can be seen that L is Hermitian only ifitisa
diagonal matrix of one gain; that is to say, L; = diag([L1, L{]).

R R
Amax,2 = Max{ ——, —— +maX{—L1,—L2} (16a)
’ Li L,
Amin,2 = Min *5, R +min{—-L;,—L,}  (16b)
: L I,
R R
Amax, 1 :max{_L_d7_L_q} (16¢)
R R
)‘-min - i — Y, — L. 16d
N mln{ Ld Lq} 1 ( )

With this information in hand, Weyl’s inequality can be ap-
plied and the boundaries of the eigenvalues determined for both
the two and one sensor case. They are given by (16). Note that,
in the one sensor case, only one extremity of the eigenvalues
can be steered. This is a result of the rank deficiency of the sys-
tem and results in the system’s response time being dictated by
the machine’s % time constant. In both the two and one sensor
cases, the observer is guaranteed to be stable if and only if each
L, > 0.

D. Offset-Free Tracking

To remove steady-state offsets and errors, an integral compo-
nent must be added to the control loop. This adds a second error
dynamic to be assessed, which is the integral of the state error,

TABLE I
PMSM PARAMETERS

Parameter || Nominal Quantity || Introduced Error
Poles 10 -

Stator resistance (R) 040 -50%
d-axis inductance (Lg) 10.5 mH +20%
g-axis inductance (Lg) 12.9 mH +40%
Magnet flux (i) 0.3491 Wb +10%

Z;. The system dynamic model then becomes, omitting the input
and exogenous input to the system for brevity

T A-L,CtC —L; an
il ctc 0 ||z

SH

To understand the system’s response, the eigenvalues of this
4 x 4 matrix must be determined. One approach is to treat (17) as
ablock matrix and apply the Schur complement. The eigenvalues
of a block matrix of the form

M,
My,

M,
My,

M:

using the Schur complement, can be found by solving det(AI —
M) det(AI — My, + My M;'M;,) = 0. This expression,
however, is difficult to handle in practice, regardless of whether
one or two sensors are present. Employing Weyl’s inequality
once more simplifies the problem greatly and yields the bounded
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Two and one sensor observer simulations during a torque step (i, = 0 A — ¢4 = 10 A at¢ = 0.3 5). The one sensor observer sees additional oscillations,

which are amplified with parameter error, though steady-state operation is equivalent. (a) Two sensor observer, no parameter error. (b) One sensor observer, no
parameter error. (c) Two sensor observer, parameter error. (d) One sensor observer, parameter error.

eigenvalues
)\max,Z =0 (18{:1)
Amin2 = min —E,—E +min{—L;,—L,} (18b)
’ Lq Ly
Amax,1 =0 (18¢)
. R R
)Vmin,l :mln{—L—d,—L—q}—Ll. (lgd)

Several insights are gleaned regarding the observer’s perfor-
mance from these boundaries. First and foremost is that the
maximum eigenvalue is zero, resulting from the addition of in-
tegrators. The presence of integrators then implies that the other
two eigenvalues will be the same as the proportional case, given
by (16). This line of reasoning can be verified by decomposing
the 4 x 4 A matrix into its constituent Hermitian components
and finding their respective eigenvalues. The key takeaway, how-
ever, is that the stability of the system is not impacted by the
addition of an integral component.

V. SIMULATION RESULTS

Simulations have been executed to validate the outlined ob-
server design with machine parameters as in Table I on the sys-
tem described by Fig. 2. Simulations with and without parameter
error are enacted to assess baseline performance and the ob-
server’s ability to reject modeling discrepancies; for example,

Fig. 5.

Experimental setup.

in applications where the machine parameters are not updated
during operation via a look-up table or model.

The system is simulated with the one and two sensor observers
providing the dq currents for the field-oriented control algorithm.
Gaussian noise of approximately 0.6 A peak-to-peak (variance
% = 0.01) is added to the current sensor(s) to assess whether
the observers can operate well in the presence of noise. In the
simulations, an initial speed command of 1400 r/min is made at
t = 0.01 s, which is shown in Fig. 3. In Fig. 4, a 26 Nm torque
commandis made att = 0.30s. Inboth figures, it can be seen that
the observers rapidly and accurately converge upon the desired
current values. For the one sensor observer, transient oscillations
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Transient experimental validation (i, = 0A — 10 A at t = 2.5 ms): one and two sensor observers with and without parameter error. The one sensor

observer has similar rise times, though the settling time, as a result of oscillations, is longer. (a) Two sensor observer, no parameter error. (b) One sensor observer,
no parameter error. (c) Two sensor observer, parameter error. (d) One sensor observer, parameter error.

are most pronounced with large parameter error present, though
they decay within 100 ms. The proposed observer is also capable
of rapidly recovering from a controller reset transient, which is
shown in [14].

VI. EXPERIMENTAL RESULTS

The linear observer has been tested using the experimental
setup in Fig. 5. The observer is evaluated on the PMSM with the
parameters given in Table I and is interfaced with a custom-built
silicon carbide MOSFET three-phase inverter [17]. The PMSM
is connected to an induction machine driven by an industrial
variable frequency drive in a dynamometer configuration.

A. General Operation

For control algorithm validation, both the two and one sen-
sor observers were tested with both accurate and inaccurate
parameters, as given in Table I. The dq current waveforms were
captured and plotted during transient (step change) and steady-
state operation, shown in Figs. 6 and 7, respectively.

The plots of Fig. 6 show a rapid convergence to the requested
torque (¢4) value during transients; however, the one sensor ob-
server encounters oscillations, which is aresult of the incomplete
CT transformation. These oscillations are more pronounced
with parameter error present, though they mostly decay over
the 60 ms window captured. With parameter error, it can be seen
that a temporary error in ¢4 arises, which is due to the param-
eter error also influencing the cross-coupling term used in the

field-oriented control algorithm. The experimental results are
consistent with the simulations presented in Fig. 4.

In the steady state (see Fig. 7), the difference between ref-
erence and measurement is small in all cases, even under one
sensor operation with an omnipresent oscillatory term. Parame-
ter error has minimal impact in this regime.

Two other performance metrics of value for the observer are
its noise rejection capabilities and its ability to respond to chang-
ing conditions For the former, the observer was run in the steady
state and the rms noise magnitude was computed from mea-
surements; for the latter, the observer was reset (z = 0) and
the 10%—-90% rise time was determined. The results are plotted
in Fig. 8. For the two sensor observer, the tradeoff is clear: a
higher gain (L,) translates to a faster response time but with
more sensor noise coupling into the control. For the one sensor
observer, things are less clear. In terms of noise, the sinusoidal
term dominates at such low noise levels. With respect to rise
time, it can be inferred that the feedback term Cte . creates
a position-dependent response rate. If the position is favorable,
the response will be swift; if the position is not, the response will
be more gradual. Regardless of this nuance, an underlying trend
towards a faster response with a higher L, can still be seen.

A final point of interest for the current observer is the impact
of parameter error on the system’s steady-state performance.
To assess this, the rms ripple current is calculated and used as
a metric for performance, with the results given in Table II.
In all cases, the one sensor observer performs worse than the
two sensor observer and measurements alone, resulting from
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TABLE II
RMS RIPPLE CURRENT WITH VARYING PARAMETER ERROR

Parameter Case I Control Mechanism

|| Measurements || Two Sensor Observer || One Sensor Observer

Nominal 0.102 0.131 0.279
0.8Lg 0.115 0.126 0.275
1.2L4 0.115 0.126 0.275
0.6Lg 0.115 0.126 0.275
1.4L4 0.115 0.126 0.275
0.9¢, 0.115 0.126 0.275
1.1¢, 0.115 0.126 0.275
Table I Error 0.117 0.117 0.266

the sinusoidal error terms being fed back into the system. As a
whole, the steady-state rms ripple current resulting from the use
of the observers does not change significantly as parameters are
changed.

The most notable performance degradation is in the
over/undershoot and settling times of the dg currents when un-
dergoing a step current (torque) change. This becomes most
notable with the one sensor observer, where control over one
eigenvalue is lost. When the observer overestimates the ma-
chine’s parameters, the currents tend to overshoot; when the
observer underestimates the parameters, the currents tend to
undershoot.

B. Sensor Failure

The observer’s ability to recover from a sensor fault and sta-
bly transition from two-to-one sensor operation is also demon-
strated, with the result shown in Fig. 9. During this time, i.e.,
after the fault has occurred and before the switch to the one sen-
sor observer has happened, one-phase current is as measured
and the other is set to zero. This introduces an error into the con-
trol which, in turn, generates oscillations due to the sinusoidal
feedback terms of the one sensor observer. The magnitude and
duration of the oscillations are linked to the amount of time that
the fault is present, as well as the gains applied to the system.

To demonstrate the impact of different Luenberger gains on
oscillation magnitude and duration, simulations have been ex-
ecuted with varying values of L, and are presented in Fig. 10.
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Five switching cycle (500 ps) fault detection delay simulations with varying L, values and without parameter error. Higher values of L, increase the

peak value of the oscillations. The settling time, however, remains roughly the same. (a) L, = 0.2. (b) L, = 0.4. (¢c) L, = 0.6. (d) L, = 0.8.

Higher values of L, lead to larger oscillations than with a smaller
L,; however, the disturbance duration remains roughly the same,
irrespective of the gains assessed.

C. Algorithm Execution Time

The execution time of the linear observer is approximately
300 CPU cycles, equating to about 1.5 us on the 32-b, 200 MHz
DSP being used. It is expected that this number can be reduced

through code optimization, increasing the observer’s attractive-
ness to computationally constrained systems.

VII. CONCLUSION

This paper has proven that it is possible to reconstruct the
three-phase currents of an anisotropic PMSM drive system us-
ing a single phase current sensor. These findings were substanti-
ated with both simulations and experiments. This is a significant
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Algorithm 1: Phase Current Observer.
1: Measure y ;. .
Transform gqp. = Cigq
Calculate e,y = Yabe — Jabe
Transform e, = Ctegpe

Compensate %dQ = A%dq + Bug, + E(t) +Lyeqq
+ Ll fedq

departure from previous literature, which assumed it was possi-
ble to do so and showed it via experimentation. Both the condi-
tions for observability and stability have been derived under two
and one sensor operation, thereby providing a process by which
a stable control system can be designed.

In terms of implementation, with three and two sensors in
system, the observer can be used to filter the measurement noise,
thereby enabling tighter control. If only one sensor is present,
the three-phase currents can still be reconstructed at the expense
of more noise in the control, a slower rise time and oscillations,
the last of which are most prominent during system transients.
Dependent upon the application, a savings of one or two sensors
can be realized: the first, if the two sensor observer is employed
with the one sensor observer acting as a failsafe mode; and the
second, if the limitations of the one sensor observer are accepted
and it is employed natively.

To facilitate implementation, pseudocode for the discussed
current observer is given in Algorithm 1.
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