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Abstract — In many industrial settings, momentary power
disruptions commonly occur, resulting in tripping of large
electric machines, which then have to be brought to zero speed
before the machine can be restarted. This approach can result in
frequent interruptions in an industrial process, which can have
negative effects on productivity. A more practical control
implementation would restart the machine back to the original
speed as soon as power is restored, not having to wait for the
machine to be at a standstill. This concept is known as flying
restart. In this paper we propose an approach to implement the
universal restart for SynRM (Synchronous Reluctance Machine)
through a simple identification algorithm which determines the
speed and position of the machine so that the correct voltage
vector can be applied and thus minimize the inrush current
during the restart. The novelty of the proposed method is that its
implementation only requires nameplate machine parameters
and needs no machine-specific tuning, making the approach
suitable for implementation with both high-inertia vector and
scalar-controlled SynRM.

Index Terms—Flying Restart, Synchronous Reluctance Motor
(SynRM), Position and Speed Estimation.

I.  INTRODUCTION

In industrial setting, momentary power interruptions take
place due to, for example, temporary power systems faults
cleared by relay reclosing, with the interruption lasting as little
as tens of milliseconds. In face of such interruptions, industrial
machine controllers will typically need to restart from zero
speed, implying that total shaft stoppage is required for the
resumption of normal operation. This issue is especially
problematic in applications with a large shaft inertia where it
may take minutes for the machine shaft to reach standstill. In
such applications, it would be beneficial to resume the
machine operation as soon as power is restored.

The goal of this work is to develop a universal restart
method that is capable of restarting synchronous reluctance
machines (SynRM) driving a high inertia load. In many
industrial applications, SynRM is replacing induction
machines (IM) and permanent magnet synchronous machines
(PMSM), due to the low power density of IM and the high
cost of PMSM. In addition, in many applications that high
dynamic performance is not required, the machine is
controlled in V/Hz mode to ensure easier commissioning by
the end-user. As a result, only a few parameters about the
machine are known, such as the V-Hz ratio and machine
ratings.

The proposed approach borrows concepts from similar work
done on induction machines [1-3] and more recently PMSM
[4-8]. However, these methods are not suitable for SynRM
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because (1) there is no permanent magnet and that makes it
difficult to use the pulse method used in PMSM method, (2)
there is no current conducting in the rotor which makes it
impossible to use the searching method used in induction
motor and (3) the motor parameter information such as
inductance values are not available when using scalar control
method.

Another approach to estimate speed and position uses high
frequency current injection [9-17]. In general, high frequency
injection methods have been proposed for sensorless vector
control and estimate the rotor speed and position even at zero
speed. However, these methods require a demodulation
process and an observer or a state filter which increases the
complexity of the restart algorithm. Self-commissioning [18]
is another method to determine the machine parameters, but
this approach is never used in conjunction with scalar control
as it would obviate the commissioning simplicity, considered
one of the main benefits of scalar control.

In this paper, we propose an effective restart algorithm for
high-inertia drives that use scalar control. The proposed
approach minimizes the estimation error and eliminates the
need for estimating stator inductance, resulting in the
universal SynRM restart algorithm. The remainder of this
paper presents the principle of operation of proposed restart
algorithm in detail. Experimental results are presented to
verify the proposed approach.

II.  PROPOSED RESTART METHOD

As above mentioned, the goal of this work is to develop an
algorithm suitable for scalar control of SynRM that allows the
machine to continue operating after a short power outage. In
developing the restart algorithm we have made the following
assumptions: (1) during the outage, the drive loses power, but
the controller has knowledge of the v/fratio; (2) the controller
recognizes the speed command prior to and after the fault and
(3) the controller monitors the input power (i.e. recognizes
when power was lost and when power was restored). In this
section the complete scheme for searching the rotor speed and
position is described.

Analyzing the machine equivalent circuit, the resulting
equation describing the SynRM machine operation in rotor
reference frame can be represented as:

v, _ R +pL, —a)qu i, )
v, ol, R + qu iq
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Fig. 1. The equivalent circuit of the SynRM in the rotor reference
frame; (a) d-axis circuit (b) g-axis circuit.

where p denotes the derivative operator, R, is the stator
winding resistance, vg & v, are the d-g axis stator input
voltage, is & i, are the d-g axis stator current, L; & L, are the
d-q axis stator inductances and , is the electrical angular
frequency of the rotor.

A. Rotor Position Estimation

The concept proposed herein is to excite the machine with
active voltage vector (vi~ve) and to measure the resulting
machine current. To simplify the implementation, v, voltage
vector is used. vi voltage vector aligned with a-axis in
stationary reference frame is shown in Fig. 2(a). v vector is
applied for #,.s time and repeated every two switching period
as shown in Fig. 2(b) while the rotor is rotating with w, speed.
When applying vi voltage vector, it is assumed that the
applied voltage pulse time (Zuie) is much smaller than the
stator time constants (zs = La/Rs, 74 = Ly/Rs). In this case, the
stator resistance can be neglected. Assuming the stator
resistance Rsis negligible, (1) can be simplified as follows:

P e
v, oL, pL, |i

v1 voltage vector can be expressed as vq = 2Va/3, v = -Vac/3
and v. = -Vg/3 in stationary reference frame. It can be
transformed as vy = 2Vy/3-cos6, & vy = -2V4/3-sinf, in rotor
reference frame. In here, Vg is the DC-link voltage of voltage
source inverter (V'SI) and 0, (=w,?) is the actual electric rotor
angle in stationary reference frame. The resulted d-g axis

current by v voltage vector can be obtained by solving (2)
using Laplace transform as:

{id (r,,,,,w)}
It
(cos (@1 ) - 1) sin(6,)+sin (a)rtpu,w )cos 6,) 3
2V, oL,
ER (cos(a),‘tpu,se )-1 ) cos(6,)—sin(@,,, )sin(6,)
oL,

where e 1S the applied pulse time of v; voltage vector.
When deriving d-g axis current, the initial condition of that
current was assumed to be zero as shown in Fig. 2(b). As tuise
is the short time, cos(w,tpuise) and sin(w,tpuise) can be
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Fig. 2. (a) Applying vi voltage vector and (b) v1 voltage vector pulse
and resulting current.

respectively considered as 1 and @,#ue. The d-g axis current
of (3) can be simplified as:

cos(6,)
id (tlﬂdﬁ’) ~ 2Vd(‘tpulse Ld (4)
W] 3| sin(0)
L

q

The generated torque by the current resulted by v; voltage
vector is calculated using (4) as:

Wit )
TL, :3_”1 dc” pulse i_i Sin(26’r) (5)
gl 3 L, L,

where n is the machine pole number. The amplitude of the
generated torque is small enough to ignore if the voltage
vector pulse time is short. The average of the generated torque
per one revolution is zero.

From (4), the resulting three phase current can be calculated
using inverse Park’s transformation as:

2Vt
ia — dc” pulse l L_’_L +l L_L COS(ZH,) N
30|20, L) 2L, 1,

2Vt
= il _1(L+LJ+1[L_LJCOS(2Q_2_HJ ;
3 4lL, L) 2\L, L, 3
2Vt
iE:—d‘ puse | 1 L+i +l L cos 2¢9y+2—7[
3 alL, L) 2L, L 3

(6)
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Fig. 3. The resulted phase current and the generated electric torque by

v1 voltage pulse corresponding to the rotor position.

As shown in (6), the three phase current generated by applying
v1 voltage vector consists of two terms. The first term is the
DC-offset current and second term is the AC current
oscillation due to the rotor position. The rotor position can be
estimated by extracting the AC terms from the current of the
three phases. It is noticeable that the AC current frequency is
twice faster than the rotor electric speed. Fig. 3 shows the
simulation result when applying v voltage pulse. The machine
parameters are listed in Table 1. The rotor speed in the
simulation is 1,200 rpm and the applied voltage pulse duty is
50%. The top one is the actual rotor angle, the middle one is
the resulted phase current and the bottom one is the generated
torque by voltage pulse.

The three phase currents can be used to estimate the rotor
speed and position. For that, the DC-offset terms of the three
phase currents should be eliminated. The DC-offset can be
obtained by averaging one phase current for several cycles.
When v, is applied for the estimation, phase a current (i,) has
the largest magnitude among the three phase currents and
therefore it is selected to guarantee an accurate current

sensing.
The DC-offset of phase a current is expressed as:
V,t 11
I = e pude c” pulse 4 7
DC—offset 3 (Ld LqJ ( )

The three phase AC current term (i_ac, ip_ac and ic_4c) is then
calculated by subtracting the DC-offset term (7) from the
measured phase current as:

i, 4o=Acos(26.);

a_ r

iy 4 :Acos(29,—2”3); (3)

I 4c= Acos(29r + 2%)

2A/r+B 2A/( 3n)+B 2A/( 5n)+B 2A/(71)+B
A+B[-- 4 ‘
| NS H
TaNA AN
AL [N U Area |
- A/(rtf) B 1
las (phase current)
——— DC-offset of las
-------- Average of las v

0 1/(2f) 1/f 3/(2f) 2/f 5/ (sz) 3l/f 7/(2f)  tlsec]
Fig. 4. The DC-offset calculation error by the current averaging
method.

In here, A is Vac tpuise/3-(1/La - 1/L,). By taking the Clarke
transform, o-f current in stationary reference frame can be
obtained as:

1 0 0 )
ly_ac ) | l_”*AC Acos(26,) ©
- = l =
iy = =" |7 4sin(26))

- \/3 \/3 l._ac

Finally, the rotor position can be estimated by using the
following equation.

1. .
0, = Em” : (ZﬁiAC/laiAC) (10)

Where, 6. is the estimated electric rotor angle.

The following subsection will investigate the error of the DC-
offset term obtained by averaging i, current. The DC-offset
estimation error is determined by the averaging time, the AC
amplitude and the DC-offset of i, current. Fig. 4 shows the
DC-offset obtained at every half period of the current while
averaging the i, current.

In Fig. 4, f'is the frequency of phase current, 4 and B are the
AC amplitude and the DC-offset of i, current, respectively.
The DC-offset error at every half period of the phase current
can be expressed with the following:

n

o Al o _ J.(?Asin(a)t)dt _A4 1—cos(nr) (0
Lo B B nrw

In (11), ¢ is the DC-offset calculation error of phase current
averaging method and » indicates the order number in every
half period of the phase current. Analyzing (11), it is apparent
that the DC-offset error can be minimized by increasing the n
value. As shown in (6), DC-offset of phase a current (i,) is
always larger than AC amplitude. Thus, the minimum ratio of
A (AC amplitude) and B (DC-offset) in (11) can be assumed a
number smaller than 1. Then, the required minimum averaging
time for the DC-offset calculation can be determined as
knowing the minimum rotor speed requiring the restart
method and the minimum DC-offset error (¢). For example, if
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the required minimum electric rotor speed is SHz and the
allowed maximum DC-offset error is 3%, the minimum
averaging time for the DC-offset extraction is about 1.0 [sec.]
as depicted from (11). The ratio of 4 and B was assumed to be
1 which is the worst case.

The theta estimation error caused by DC-offset error is
investigated with a 3% DC-offset error.

iamiAC = ia _([Dcfoﬁbet +AIDC70_/]§WI ) = iaiAC _SB;

. . (IDC—njfcet +AIDC—0]7xet) . € . 12
e =i+ ) _lbiAC+EB’ (12)
. . (1 DC—offset +Al DC—o/ffset) _ E

lr:miAC =1 2 - lciAC +EB

where igm-ac, ipm-ac & iem-ac are the three phase currents
including the error caused by the DC-offset estimation error.
For simplification, the ratio of 4 and B is assumed to be one
which represents the worst case scenario. Then, B of (12) can
be replaced with A. The rotor position is estimated with the
three phase 4AC currents by using the following equation.

est_m

I . .
0 = ar +A0€rmr = Etan 1 (lﬁmiAC/lamiAC) (13)

Where A is the theta estimation error term caused by DC-
offset error, 0, is the actual rotor angle. ign-4c & igm-ac is the o-
p current in the stationary reference frame obtained from the
three phase currents in (12). Afeo- depends on the accuracy of
current sensing and DC-offset obtained. The effect of current
sensing error was investigated in [7, 8]. This analysis assumed
that the current sensing error is included in DC-offset error.
The estimated angle error (Af..r) caused by the 3% DC-
offset error is shown in Fig. 5. The resulting position
estimation error is bounded to be less than 1.7° [deg.]. With
this result, the maximum speed estimation error is calcuated in
the next section.

B.  Rotor Speed Estimation

The next step is to estimate the rotor speed by using two
estimated rotor angles (fey). If the interval time between the
two thetas is short enough, the rotor speed can be assumed to
be constant. Then, the rotor speed can be estimated by using
the two estimated thetas as:

o, = eestz - aestl (14)
tpulxe +7

where fuse 1 the pulse time in which the vi vector is applied
to the stator winding, 7 is the time between two pulses shown
in Fig. 2(b) and wey is the estimated electrical angular
frequency of the rotor. Since the two estimated theta (Oesiz &
Besi1) might have an error caused by DC-offset error, it will
also result in a speed estimation error. The estimated speed
can be expressed again as:

& =
Fr

Theta Error [deg]
-

i i L L L i L
S0 100 150 200 250 300 350
Rotor Angle [deg]

(=

Fig. 5. The angle error caused by the DC-offset error.

0.,-06 2A6,
wes, — est2 estl _ a)r et + error (15)
t +7 - t +7

pulse pulse
Where Ao is the error of the estimated theta. With longer
interval time (7), the speed estimation can be more precise.
However, when choosing the interval time (1) in Fig. 2(b), the
rated speed of the rotor should be considered so that the
interval T is shorter than the time taken for one electrical
revolution [6]. If the second theta is estimated after the rotor
rotates the electric angle 7 [rad.], the rotating speed of the
rotor can be estimated incorrectly.

(9)"2 +7['N)_‘9r1
wriact =
tpulse +7 (16)
— 02.\‘t2 _ Hﬁxtl
e T

pulse

Where N is the rotor rotation number between two theta, @, g
is an actual speed and w.y is the estimated speed. The
estimated speed will be the same as the actual speed when N is
only zero. Therefore, the following equation should be
satisfied to prevent the wrong speed estimation.

6,,-6, =a)r'(f+t

r

)<z (17)

pulse

When calculating the maximum interval time 7, the worst case
scenario is assumed which is @, is equal t0 @raeq and fpuse 1S
equal to 100% duty. Then, the difference between the two
estimated thetas will not exceed 7 at any speed condition.
Wraea 18 the maximum speed given on the motor nameplate.
For the test motor listed in Table 1, the time interval for the
speed estimation is calculated as 407,.

C. Implementation of the Proposed Restart Method

The key performance criteria of the proposed restart method
for SynRM motors is to successfully estimate the rotor speed
and position with only the motor nameplate parameters and to
restart the motors without causing the overcurrent and the
braking torque. The proposed complete scheme for estimating
the rotor speed and position is shown in Fig. 6.
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The procedure to implement the restart proposed method is
explained in the steps below.

e Step 1 — Apply v voltage vector with the fixed duty and
measure the three phase currents (iasc).

e Step 2 — Average the phase current i, to calculate DC-offset
term and extract the three phase AC current term (Zuse_4c).
Step 3 — Estimate the rotor speed & position.

Step 4 — If the estimated speed is lower than 20Hz, the rotor
speed and position should be estimated again with the
adjusted new interval time (zyew).

e Step 5 — Compensate the estimated position angle.

e Step 6 — Calculate the command voltage using the rated v/f
ratio.

e Step 7 — Apply the stator voltage to the compensated
position angle with the estimated speed.

e Step 8 — Start the stabilizing loop [19] from the next
switching cycle with the current feedback.

In step 1, the initial duty of the applied voltage is set as 50%.
The magnitude of the phase current generated by v; is
determined from (4) as:

2 . 2
. _ 2Vdctpulse cos (zer ) + s (fr ) < 2Vdctpulse (1 8)
S L, L, 3L,

The motor inductance in (18) value is unknown. Therefore, the
current magnitude cannot be estimated before applying the v,
voltage vector to estimate the speed and the position. If the
phase current generated by first v; voltage pulse exceeds the
rated current, the duty is adjusted by knowing the measured
current and the rated current.

rating

1
P -

pulse_new —

tpuls() ( 1 9)

measued

And then, the estimation procedure is restarted again with new
pulse duty.

In step 3, the interval time (t) in Fig. 2(b) for estimating the
speed was determined by the rated speed listed on the motor
nameplate.

In step 4, the interval time is adjusted if the initial estimated
rotor speed is lower than the 20Hz electric rotor speed. If the
rotor speed is too slow, the estimated speed in low speed can

have a big estimation error as shown in (15). Thus, the new
interval time (z,.w) is required to accurately estimate the rotor
speed in the low speed condition. When the electric rotor speed
is slower than 20Hz and the maximum theta estimation error is
1.7° [deg.], the speed estimation from (15) might have more
than 5% error with the 407, interval time. In this paper, 5%
error is considered as a conservative upper bound on the error
[8]. In the experimental result section, the method to adjust the
interval time is explained in details along with the test results.
In step 5, the estimated theta is compensated and the
compensated theta (Gcomp) is given by:

0, =0+ +a,T

comp est 2 est™ sw

(20)

The theta (f.s) estimated in the previous step is aligned with
the d-axis of the motor in the rotor reference frame. By adding
1/2 [rad.] to B.y, the compensated theta (6..np) can be aligned
with g-axis. The stator voltage is applied to ¢ axis to ensure a
positive torque at the restart instant. Fig. 7 shows the applied
stator voltage vector (vs) and the resulted current vector (iy).

In Fig. 7, 0- is the phase angle of motor impedance, which has
a value between 0 and 90°[deg.] because a motor is an
inductive load. Then, the d-¢g axis current in the rotor reference
frame will always be positive, and it will result in a positive
electric torque. The torque equation of the SynRM is shown in
the following:

€2y

n3
T, =EE(L'1 _Lq)idiq
The third term (@esTsw) in (20) is in order to compensate the
current sampling delay. 7y, is the PWM switching frequency.
In step 7, the stator voltage frequency is set to the estimated
speed frequency. The applied stator voltage magnitude is
increased gradually from zero. The voltage increase is stopped
when the voltage reaches the rated v/f'value. The purpose is to
prevent the inrush current which can be generated by applying
step voltages.

B-axis

=~ \e = Best
\

\
\

a-axis

Fig. 7. Vector diagram showing the applied voltage vector at restart
moment and the resulting current vector.
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Fig. 8. The dynamo set configuration for the experimental test.

TABLE 1. THE TEST SYNRM MOTOR PARAMETERS.

Parameter Unit Symbol Values

Rated Power [&W] P 18.5
Rated Speed [rpm] N, 1800
Rated Torque [Nm] T. 98
Rated Voltage (line-line) 14 Ve 380
Phase Current (rms) [4] iy 43
Pole - n 4
Stator Resistor [Q] R, 0.19
Stator d-axis Inductance [mH] Lq 35
Stator g-axis Inductance [mH] L, 17
Inertia [Nm/rad-s?] J 0.059
Inverter DC Link Voltage 14 Vie 540
PWM Switching Period [usec] Tow 200

III. EXPERIMENTAL RESULTS

A set of experiments were conducted to validate
performance of the proposed restart method. Fig. 8 shows that
the dynamo test bed consisting of the synchronous reluctance
motor (SynRM) under test, an induction motor for supplying
the load torque. The SynRM motor parameters are given in
Table 1. The voltage source inverter (VS7) used for driving the
test motor is APS-100T120 having the rating of 1200V &
100 A IGBT switches. The selected switching frequency is
5 kHz. V/f control method is used and implemented on OPAL-
RT platform along with the proposed restart method. To
implement our control, only two phase current sensors on the
inverter are used. The load motor is fed by another
commercial voltage source inverter and the torque & speed
were monitored using the analog output of this inverter.

Fig. 9 shows the experimental results of the proposed restart
method including the estimated speed and position of the rotor
and the stator current when the mechanical rotor speed is 600
and 1500 rpm. The restart tests are implemented using the
following steps: the motor is operating at the reference speed.
The inverter feeding SynRM motor is stopped intentionally for
1.5 seconds. During that time, the motor speed is reduced by
the inertia, the friction and the load condition. After 1.5
seconds, the rotor speed and position estimation is
implemented using the proposed method and the motor is
again fed by the inverter. Then, the v/f control is started with
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Fig. 9. Restart waveforms of the complete proposed method (a)
600rpm (b) 1,500rpm; CHI: the estimated rotor position, CH2: the
estimated speed (600rpm/div.), CH3: the magnitude of stator voltage
(100V/div.), CH4: the stator phase current (20A/div.).

the stabilizing loop [19]. The rotor angle (blue line) is
estimated with the measured phase current. The speed (cyan
line) is estimated with 407, interval time between two
estimated theta. For the position and speed estimation, the
estimation process lasts for 1.0 second. The purple line is the
applied stator voltage at the restart instant. The command
voltage is calculated by using the rated v/f ratio. The test
results of Fig. 9 verify that the performance of the proposed
method is good to estimate the rotor speed and position and
the restart is implemented without causing any inrush current.

As mentioned before, if the estimated rotor speed is lower
than the initially set speed, the interval time between the two
pulses for the speed estimation is adjusted in the proposed
method. Fig. 10(a) shows the restart result without the interval
time adjustment in low rotor speed condition (20Hz electric
rotor speed). The time interval used for the speed estimation
was initially set to 407,. 40T, was calculated by replacing w;
in (17) with @ueq. In Fig. 10(a), the estimated speed (cyan
line) is not constant during the estimation mode. It might
cause the position and speed estimation error. The restart is
failed due to the overcurrent. The overcurrent is set as 60A
considering the machine rated current. On the other hand, Fig.
10(b) shows the test result with the interval time adjustment in
low speed condition (5Hz). The interval time between two
estimated theta is initially set to 407, and the speed is
estimated with these two theta. Based on the estimated speed,
if the estimated speed is lower than 20Hz, the interval time is
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Fig. 10. The speed estimation in low speed (electric SHz speed) (a)
without the interval time adjustment (b) with the interval time
adjustment; CHI1: the estimated theta, CH2: the estimated speed
[10Hz/div.], CH3: the interval time (t) [2507}w/div.], CH4: the actual
phase current [20A/div.].

adjusted. The new interval time is calculated from (17), e, is
replaced with wey instead of @;aeq. The new interval time
(Tnew) 1s calculated as:

T =092 22)
[0)

est

In (22), 0.9 is multiplied to give 10% margin because the rotor
speed (wes) estimated with the small interval time might have
about 5% error as mentioned before. In the test, the maximum
new interval time was limited below 5007}, by considering
the switching frequency and the required minimum restart
rotor speed. The test result of Fig. 10(b) shows that the
interval time (purple line) is automatically changed from
40T, to 4007, so that the restart is successful in about 5SHz
rotor speed. This experimental test verifies that the SynRM
motor can restart successfully even in the low speed condition
using this suggested interval time adjustment method.

IV. CONCLUSIONS

This paper proposed a novel restart algorithm for SynRM.
The proposed method is a universal algorithm that uses only
the measured phase current and motor nameplate parameters.

In general, the nameplate includes the machine rating
information such as the power, the current, the speed and the
voltage. It does not include the information such as d-¢g axis
stator inductance which the conventional restart methods use.
In addition, this method does not require any additional
hardware such as speed sensors, phase voltage sensors, DC-
link current sensor which are not installed in general purpose
drives. This method only requires two phase current
information to estimate the speed and position. In addition, a
method to minimize the speed estimation error is also
presented. The interval time between two pulses used for the
speed estimation is automatically adjusted in low speed
condition.

This approach is limited to high-inertia SynRM drives because
it assumes the rotor is rotating in a near-constant speed during
the restart process. However, this limitation is acceptable, as
the restart function is only needed for high inertial drives,
where reaching standstill may take a relatively long time. To
conclude, this proposed method is a universal restart method
for SynRM. Experimental results have been conducted to
validate the performance of the proposed method.
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