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Abstract: A virtual impedance-based flying start considering transient characteristics for permanent
magnet synchronous machine drive systems is proposed. The conventional flying start based on
virtual resistance (VR) assumes that the load of the system is resistive. However, the maximum
value of VR, which is determined by the machine parameter and sampling frequency, is sometimes
small. In this case, the load of the system is non-resistive. This assumption error causes an estimated
position error and degrades transient characteristics. In the proposed method, algebraic-type virtual
inductance (VI) is added to the estimation current regulator of the flying start based on VR. This
change improves the accuracy of the estimated rotor position and the transient characteristics. In
addition, the discrete-time system model of the proposed flying start method is given, the stability
was analyzed considering the change in VR caused by the proposed method, and the improvements
were verified by PSIM simulations and experimental results.

Keywords: permanent magnet synchronous machine (PMSM); flying start; sensorless control;
virtual impedance

1. Introduction

Permanent magnet synchronous machines (PMSMs) have been used in industrial
applications owing to such advantages as higher power density, higher torque density,
and higher efficiency [1–8]. Field-oriented control (FOC) has been widely used for high-
performance control of PMSMs. In FOC, the position of the rotor flux is necessary and
obtained with position sensors, such as encoders or resolvers [9–12]. However, using
position sensors results in hardware complexity, increased cost, low reliability, and in-
creased noise. Therefore, sensorless control methods have been studied during the past
few decades [13–15].

The back electromotive force (EMF) induced by the rotation of a machine is completely
canceled by feed-forward compensation in the sensor inverter using position and speed
information [16]. However, the position and speed information cannot be known prior
to the start of pulse width modulation (PWM), as the sensorless controlled PMSM drive
system uses electrical responses to estimate position and speed from the observer. In
this case, beginning FOC without position and speed information means incomplete
canceling of the back EMF, which causes a large inrush current. Because the transient state
caused by the inrush current cannot be predicted and there is a risk of inverter destruction,
appropriate control methods are needed to estimate position and speed. Therefore, the
initial position/speed estimation method, which is called “flying start”, of a rotating
machine before FOC has been studied recently [17–28].
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One method is to measure the voltage at the rotating stator terminals [17,18]. Position
and speed can be determined by measuring the back EMF induced by the rotation of the
machine; however, additional voltage sensors are required for this method. This leads to
reliability and cost issues.

Another approach is the high-frequency (HF) signal injection method [19–23]. In this
approach, the HF component is injected to estimate the position. This method can detect
the position not only in a low-speed range but also at zero speed; however, its performance
depends on the magnetic saliency or geometry of the rotor, and the range of application is
limited. Furthermore, an additional demodulation procedure and an observer or state filter
are required to estimate position, so it is difficult to implement.

In the zero-voltage injection method [24–26] for the flying start, the inverter inten-
tionally injects several zero-voltage pulses causing short circuits and changing the current.
The speed and position of the machine are estimated based on the current reaction. The
disadvantage of this method is its high dependency on machine parameters.

To avoid parameter dependency, a repeated zero-voltage vector injection method has
been proposed [20]. In this method, all the top insulated-gate bipolar transistors (IGBTs) of
the inverter are turned off, while the bottom IGBTs operate with a very short duty cycle.
The method that uses current spikes induced by a short duty cycle is relatively robust to
motor speed changes and parameter variations. However, a proper duty cycle controller
requires a long convergence time depending on the duty cycle rate and the design of the
dead zone; therefore, the return to sensorless control is delayed and difficult to apply in
applications requiring high reliability.

Recently, a novel flying start approach based on virtual resistance (VR) was pro-
posed [28]. In this method, the initial value of the inner VR is set to a high value, and the
inrush current is regulated because it is implemented in the control loop. Through the use
of the estimation current regulator, the VR is adjusted to obtain a current of the desired
magnitude. Compared with other flying start methods, this method can be applied without
being affected by parameters, and position estimation is possible without burdening the
mechanical system.

The conventional flying start based on VR [28] assumes that the load of the system is
highly resistive by a relatively higher value of VR than stator impedance. Therefore, the
position of the rotor can be determined using the phase-locked loop (PLL) of the current.
However, the discrete stable range of VR is parameter dependent, and some applications
have a low maximum value of VR. Therefore, when this assumption is applied to other
applications, the error caused by the stator inductance cannot be neglected in the speed
estimation system.

In this article, a flying start method based on virtual impedance for PMSM drives
considering the transient characteristics is proposed to eliminate the estimation error
caused by neglecting the stator inductance in position estimation. The VR is adjusted by
the conventional method [28]. Additionally, virtual inductance (VI) is implemented based
on algebraic approximation, and a VI controller is added to the conventional estimation
current regulator. This controller adds negative inductance to the system, making the
load of the system completely resistive. Therefore, the proposed method estimates the
position of the rotor more accurately and improves the transient characteristics when
making the transition.

The remainder of this article is organized as follows. In Section 2, the conventional
flying start method based on VR and its assumption error are reviewed. In Section 3, the
algebraic type of VI, implementation of VI, modified estimation current regulator, and the
discrete-time system model of the proposed method are described. The simulation results,
showing the decreased position estimation error and the discrete-time stability analysis of
the proposed method, are given in Section 4. The proposed method was experimentally
verified on interior PMSM (IPMSM), as described in Section 5. Finally, Section 6 presents
the conclusions of this study.
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2. Review of Conventional Flying Start Based on VR
2.1. Concept and Implementaion of VR

When the PWM starts in a sensorless PMSM drive system, the back EMF is not
completely canceled out because the rotation position and speed are undetermined. In this
case, the incomplete cancelation causes the inrush current in the flying start. Therefore,
suppressing excessive inrush current is a major task in a flying start. In this method, the
limited inrush current is obtained by setting the initial value of the VR high. The regulated
current is used to estimate the rotor position and speed by PLL.

The PMSM side is equivalent to the back EMF Ek (k = a, b, and c) and the stator
inductance Ls, and stator resistance Rs. The machine parameters assume that the phase
inductances are identical. An inverter side can be expressed as a variable resistance Rv. An
equivalent circuit with VR can be expressed as:

Ek = (Rs + Rv) · ik + Ls ·
dik
dt

(k = a, b, c). (1)

When Rv is much greater than Rs and Ls, Rs and Ls are negligible. Therefore, (1) can be
approximated as:

Ek ≈ Rv · ik. (2)

2.2. Design of the Position/Speed Estimator

The estimated back EMF can be expressed as using the actual back EMF:[
Eγ

Eδ

]
=

[
cos θ̃ sin θ̃

sin θ̃ cos θ̃

][
Ed
Eq

]
≈
[

Eq sin θ̃

Eq cos θ̃

]
(3)

where Eγ and Eδ are the γ-δ axes of the estimated reference frame, Ed and Eq are the d-q
axes of the actual synchronous reference frame, and θ̃ is the position error between the
estimated and actual angles. In this case, Ed is negligible.

Because the stator impedance is resistive owing to the high VR, the γ-δ axes’ estimated
current can be expressed by dividing (3) by the VR. Since the stator resistance component
is extremely small, it can be neglected. The estimated γ-axis current iγ can be expressed as:

iγ = id cos θ̃ + iq sin θ̃ ≈ iq sin θ̃ ≈ sign[iq]Is sin θ̃ (4)

where id and iq are the d-q axis currents of the actual synchronous reference frame, Is is the
magnitude of the stator current, and sign is the signum function that outputs 1 or −1.

In the steady state, using the estimation current reference I∗est, the position error can be
expressed as:

sign[iq]
iγ
I∗est

≈ sin θ̃ ≈ θ̃. (5)

Using (5) as the input and basic structure of a PLL, the position and speed estimator is
implemented. In (5), sign[iq] can be replaced with sign[Eq] and sign[ωr] because they are
the same under a load made resistive by VR.

Figure 1 shows the structure of the position and speed estimation system. Figure 1a
is the actual block diagram of the estimator using (5). The actual estimator in this study
was implemented to be the same as the basic structure of the PLL by linearization. The
output of the proportional–integral (PI) controller with θ̃ as input is the estimated speed ω̂r.
Assuming that this value is constant, the estimated position θ̂r can be obtained as a ramp
function by adding an integrator to the actual estimator.
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Figure 1. Structure of the position and speed estimation system. (a) Actual block diagram of the
estimator and (b) equivalent block diagram of the actual estimator.

Figure 1b shows the equivalent block diagram of the actual estimator. The open-loop
and closed-loop transfer functions can be expressed as:

Go,pll(s) =
kp,plls + ki,pll

s2 (6)

Gc,pll(s) =
Go,pll

1 + Go,pll
=

kp,plls + ki,pll

s2 + kp,plls + ki,pll
(7)

In (6) and (7), kp,pll and ki,pll are proportional and integral gains of the PLL. Because
(7) is a transfer function of the second-order low-pass filter, estimation performance can
be designed by determining the PI gains. Depending on the damping ratio ζ and natural
frequency ωn, the PI gains can be determined as:

kp,pll = 2ζωn
ki,pll = ω2

n
(8)

In this study, the ζ was set to 0.707 to obtain a stable response. The natural frequency
was unified and the effect of eliminating the position error of the proposed method was
compared in Sections 4 and 5.

2.3. The Range of VR Considering the Stability and Estimation Control System

In this approach, the higher the VR, the smaller the inrush current. However, if the VR
is too high, it causes instability in the electrical system. Conversely, a low VR causes an
inrush current, and the range should be defined based on stability analysis. In this study,
the range of VR is set based on the discrete-time stability analysis of Ref. [28]. Figure 2
shows the d-q axis block diagram of the VR implementation based on the discrete inverter
model [29]. Because the back EMF is a function of speed, it can be considered almost
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constant relative to the electrical system. Therefore, Figure 2a can be modified as Figure 2b.
The transfer function of the simplified model is calculated as:

T(z) =
1

Rs
(1 − e−

Rs
Ls Tsamp)

z2 − e−
Rs
Ls Tsamp z + Rv

Rs
(1 − e−

Rs
Ls Tsamp)

(9)

where Tsamp is the sampling period. The stable range for VR can be defined using the
characteristic of Equation (9). Assume that in the short sampling period, the stable range of
the VR can be simplified as:

0 < Rv < η

(
Ls

Tsamp
− Rs

)
. (10)
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Figure 2. A d-q axis block diagram of the VR implementation based on the discrete inverter model.
(a) An actual d-q axis model and (b) a simplified d-q axis model.

The machine parameter varies according to the stator current, temperature, etc. There-
fore, η has a value between 0 and 1 as a margin for parameter variation.

2.4. Assumption Error of the Conventional Flying Start Based on VR

In a previous study [28], the load of the system was considered resistive. The rotor
position is estimated by PLL using stator current. However, as shown in (10), when the
sampling frequency is low or the stator inductance is small, the maximum value of the
VR in the stable region decreases. In these cases, the VR may not be sufficient to neglect
the stator inductance. Therefore, the load of the system is non-resistive. In the case that
Rv is not sufficiently greater than Rs and Ls, the Rs and Ls are not negligible and the
error between the actual rotor position and estimated rotor position increases. Figure 3
shows the waveforms of resistive and non-resistive load systems, showing the errors of the
conventional assumptions.
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3. Proposed Flying Start Method Based on Virtual Impedance

The proposed flying start method based on virtual impedance is described in this
section. The implementation of virtual impedance, the proposed estimation regulator with
virtual impedance, the discrete-time system model implementing the proposed method for
stability analysis, and the control block diagram of the proposed method are described.

3.1. Implementation of Virtual Impedance

Figure 4 shows the general form of implementation of the virtual impedance. There
are two types of virtual impedance: implemented in the outer loop and inner loop. The
inner virtual impedance has a faster response than the outer VR and does not need position
information. However, the outer virtual impedance method requires the speed and position
of the machine. Therefore, the inner virtual impedance is more suitable for a sensorless
system. The virtual impedance transfer function can be expressed as follows:

Gv(s) = Rv + sLv. (11)
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Using (11), the virtual impedance can be modified and implemented for various
purposes. As shown in (11), derivative control is involved in realizing the VI. However,
owing to its disadvantage, such as noise sensitivity, it is rarely used in practice. Several
alternatives have been reported instead of using derivative control.

A representative alternative is an algebraic type depicted in Figure 5. This type replaces
the derivative term s with jω and it is easy to implement for a three-phase system, such as a
grid-tied inverter and a motor drive [30–32]. The phase shift resulting from the inductance
can be easily obtained using the cross-coupling feedback of the current vector, and ω used
for cross-coupling feedback can be obtained from the position/speed estimator.
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3.2. Proposed Estimation Current Regulator with Virtual Impedance

Figure 6 shows a control block diagram of the VI controller. The VR is adjusted to
regulate the magnitude of the stator current Is. The VR controller is implemented in the
same manner as in a previous study [28].

Energies 2023, 16, 1172 7 of 18 
 

 

vector, and � used for cross-coupling feedback can be obtained from the position/speed 

estimator. 

 

 

(a) (b) 

Figure 5. Derivative-less forms of a virtual impedance controller. (a) Algebraic approximation and 

(b) cross-coupling feedback of a current vector [32]. 

3.2. Proposed Estimation Current Regulator with Virtual Impedance 

Figure 6 shows a control block diagram of the VI controller. The VR is adjusted to 

regulate the magnitude of the stator current Is. The VR controller is implemented in the 

same manner as in a previous study [28]. 

  

Figure 6. Control block diagram of a VI controller [33]. 

To make the load of the system resistive, the VI controller uses a negative inductance 

equal to the d-axis stator inductance as a reference value. When the estimation current 

regulator for the VI is designed as (12), the total transfer function of the VI controller can 

be expressed as a first-order low-pass filter: 

, ,( )ec L ec LC s   (12)

The bandwidth of the virtual impedance controller can be designed by adjusting Cec,R 

(s) or Cec,L (s), but it can affect the stability of the control system, which is maintained at 

less than one-tenth of the electrical bandwidth of the actual R-L load. In the proposed 

estimation current control system, the decrease in the VI increases the VR. If the VI regu-

lator is designed with excessively high bandwidth, the VR may exceed the stable region 

boundary. Therefore, the bandwidth of the VI is designed to be less than one-fifth of the 

VR bandwidth. 

3.3. Discrete-Time System Model of the Proposed Flying Start 

The state vector is selected �(�) = [��,���(�) ��,���(�) ��(�) ��(�)]� , where ��,���(�) 

and ��,���(�) are the kth d, q axis inverter output voltage, and ��(�) and ��(�) are the 

kth d, q axis current. Figure 7 shows the d, q axis system block diagrams of the proposed 

flying start based on the discrete inverter model [29]. Based on Figure 7, the discrete-time 

state-space model can be expressed as: 

�(� + 1) = ��(�) + �(�) (13)

Figure 6. Control block diagram of a VI controller [33].

To make the load of the system resistive, the VI controller uses a negative inductance
equal to the d-axis stator inductance as a reference value. When the estimation current
regulator for the VI is designed as (12), the total transfer function of the VI controller can be
expressed as a first-order low-pass filter:

Cec,L(s) = ωec,L (12)

The bandwidth of the virtual impedance controller can be designed by adjusting Cec,R
(s) or Cec,L (s), but it can affect the stability of the control system, which is maintained at less
than one-tenth of the electrical bandwidth of the actual R-L load. In the proposed estimation
current control system, the decrease in the VI increases the VR. If the VI regulator is designed
with excessively high bandwidth, the VR may exceed the stable region boundary. Therefore,
the bandwidth of the VI is designed to be less than one-fifth of the VR bandwidth.

3.3. Discrete-Time System Model of the Proposed Flying Start

The state vector is selected x(k) =
[
Vd,inv(k) Vq,inv(k) id(k) iq(k)

]T , where Vd,inv(k) and
Vq,inv(k) are the kth d, q axis inverter output voltage, and id(k) and iq(k) are the kth d, q axis
current. Figure 7 shows the d, q axis system block diagrams of the proposed flying start
based on the discrete inverter model [29]. Based on Figure 7, the discrete-time state-space
model can be expressed as:

x(k + 1) = Ax(k) + u(k) (13)

where system matrices are defined as:
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A =


0 0 −Rv ωLv
0 0 ωLv −Rv

Tsamp
Ld
0

0
Tsamp

Lq

a33
0

0
a44

, a33 = −
(

Rs
Ld

Tsamp − 1
)

, a44 = −
(

Rs
Lq

Tsamp − 1
)

,

u(k) =
[
Ed(k) Eq(k) 0 0

]T .

(14)
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3.4. Implementation of the Virtual Impedance-Based Flying Start Method

The implementation of the proposed virtual impedance method is shown in Figure 8.
The VR and VI are determined, as shown in [28] and Figure 6, respectively.
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For the flying start, the initial value of the VR that suppresses the inrush current uses
the maximum value in the stable region. In addition, to estimate the position of the rotating
rotor more accurately, the estimated position is compensated for using the VI. When the
position estimation is completed through the proposed method, sensorless torque control
is performed. In this study, a sensorless method based on the extended EMF model was
used [34].
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4. Simulation Results

In this section, the discrete-time stability was analyzed, and the proposed virtual
impedance-based flying start method was simulated using Powersim software (PSIM ver-
sion 9.1). Table 1 shows the parameters of the IPMSM drive system used in the simulation.
The bandwidths of the position/speed estimator and estimation current regulator were
determined in Sections 2 and 3.

Table 1. Parameters of the IPMSM drive system used for simulation.

Parameter Value Unit

DC-link voltage 200 V
Rated power 2.5 kW
Rated speed 1800 rpm

Rated current 13 A
Stator resistance 0.22 Ω

d-axis nominal inductance 2.2 mH
q-axis nominal inductance 5.9 mH

Number of poles 4 -
Peak line-to-line back EMF

constant 56.7 V/krpm

In the proposed flying start method, the VR value is affected by VI. Therefore, in
the discrete-time stability analysis in this article, the VR was approximated to a quadratic
equation related to the VI. The data used for approximation are obtained through simulation.
The approximate quadratic equation is:

Rv = 162, 500Lv
2 − 757.5Lv + 1.283 (15)

Figure 9 shows the pole loci of the proposed method with different virtual impedance.
The discrete-time stability was analyzed at 1000 rpm and 3000 rpm. The VI used for the
analysis changed from 0 to −Ld. As shown in the analysis results, within the defined VI
range, the poles are always located in the stable region. Additionally, because the VI is
always fed back by multiplying the speed term, the pole trajectory is always shared and
even the rotor speed changes. The higher the rotor speed, the greater the variation of the
pole on the complex plane according to unit VI.
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Figure 10 shows the simulation results at 500 rpm. The conventional flying start
method and the proposed flying start method, which adds VI, are compared. The I∗est
is set to 10 A, and the maximum value in the stable region of VR is 4.6 Ω. After PWM
begins, from 0.1 s to 0.2 s, the stator current is regulated by a pre-set maximum value of VR;
therefore, the inrush current can be suppressed. During the flying start, the VR is adjusted
appropriately by the estimation current regulator such that the stator current converges to
the estimation current reference. Simultaneously, the position and speed of the rotor are
estimated.
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Position estimation error by assumption error of the conventional method θerr is
defined as:

θerr = θr − θ̂r (16)

where θr is the actual rotor position and θ̂r is the estimated rotor position. In the conven-
tional method, θerr exists in the steady state, as shown in Figure 10a. This estimation error
originated from the assumption error of the conventional method.

A magnified comparison of Figure 10 is presented in Figure 11. When the I∗est is set to
10 A, the VR converges to about 1.465 Ω in the conventional method. By contrast, the VR
converges to about 1.483 Ω in the proposed method. As the VI increases in the negative
direction, the VR increases slightly. In the conventional method, a decrease in the VR causes
an increase in the stator current. However, a phase shift appears instead of a decrease in the
stator current because the VI is added to the estimation current regulator in the proposed
method. Due to the addition of the VI, the θerr can be reduced close to zero.
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Figure 11. A magnified comparison of the conventional flying start method and the proposed flying
start method with added VI at 500 rpm. (a) The conventional method and (b) the proposed method.

Figure 12 shows a comparison of the transient characteristics of non-flying start,
conventional, and proposed methods during the mode transition. In the transition to
sensorless control, the reference current is set to zero. In the case without flying start,
a transient current higher than the rated current occurs and θ̃, the input of the position
estimator, is also very large.
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Figure 12. A comparison of the stator current and input of the position/speed estimator during mode
transition. (a) Without flying start; (b) the VR-based flying start method; and (c) the proposed flying
start method.

In the case of the conventional method, the peak currents are 2.9 A (Ia_peak), 2.8 A
(Ib_peak), and 1.7 A (Ic_peak) after mode transition. However, they are 1.9 A (Ia_peak), 2.1 A
(Ib_peak), and 1.3 A (Ic_peak) in the proposed method. In the conventional method, the peaks
of all stator currents are greater than those of the proposed flying start method in the
transient state.
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In comparison, under the same position estimator bandwidth, the peak value of θ̃ is
0.47 rad for the conventional flying start method, whereas it is 0.2 rad for the proposed method.

5. Experimental Results

To verify the transient characteristic improvement of the proposed flying start method,
experiments were conducted using an IPMSM test bench. The configuration of the IPMSM
test bench is illustrated in Figure 13. The proposed flying start method was implemented
using the TMS320F28335 DSP board. The I∗est is set to 10 A and the switching frequency was
set to 2 kHz for a low value of maximum VR. The PI current controller was disabled and
output zero values in the flying start procedure. However, in the sensorless control, the PI
current controllers were abled. The reference voltage vectors were the products of current
and VR or the output of the PI controller, respectively. The load motor was operated in
speed mode to imitate the flying start condition and the IPMSM was operated in flying start
mode and sensorless torque control mode. The experiments were conducted at 500 rpm
and 1000 rpm.
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Figure 13. Configuration of the IPMSM test bench. (a) The control and measurement part and (b) the
M-G set with torque transducer.

Figures 14 and 15 show the experimental results of the conventional flying start method
at 500 rpm and 1000 rpm. These figures show the general waveforms of the VR-based
flying start method, which includes the inrush current suppression and estimation current
regulation. The phase current is adjusted using an estimation current regulator that output
the VR. The position of the rotor is estimated by θ̃r derived by (4). The VR is 1.13 Ω and
2.42 Ω at 500 rpm and 1000 rpm, respectively, in a steady state for the conventional method.
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Figure 15. Experimental results of the conventional method and its position estimation error at
500 rpm and 1000 rpm. (a) Rv, Ia, and θerr at 500 rpm and (b) Rv, Ia, and θerr at 1000 rpm.

However, after starting the estimation current regulator, θerr is 0.23 rad (7.3% of maxi-
mum position error) in the steady state for position estimation because of the assumption error.

Similarly, for an accurate comparison, the magnified experimental result of the con-
ventional method is shown in Figure 16. Because the θ̃r in (4) is derived from resis-
tive load assumption, there is an estimated position error owing to the effect of ignored
stator inductance.

Energies 2023, 16, 1172 13 of 18 
 

 

(a) (b) 

Figure 15. Experimental results of the conventional method and its position estimation error at 500 

rpm and 1000 rpm. (a) Rv, Ia, and ���� at 500 rpm and (b) Rv, Ia, and ���� at 1000 rpm. 

However, after starting the estimation current regulator, ����  is 0.23 rad (7.3% of 

maximum position error) in the steady state for position estimation because of the as-

sumption error. 

Similarly, for an accurate comparison, the magnified experimental result of the con-

ventional method is shown in Figure 16. Because the ��� in (4) is derived from resistive 

load assumption, there is an estimated position error owing to the effect of ignored stator 

inductance. 

  

(a) (b) 

Figure 16. Magnified experimental results of the conventional method with actual position and es-

timated position at 500 rpm and 1000 rpm. (a) ��, ���, and Ia 500 rpm and (b) ��, ���, and Ia at 1000 

rpm. 

Figure 17 shows the experimental results of the proposed virtual impedance-based 

flying start at 500 rpm. To eliminate the position estimation error, VI is applied. As the VI 

approaches the steady state, the ����  gradually approaches zero. The ���� is 1.5% of the 

maximum steady state position error of the proposed flying start method, 0.05 rad, and 

the position estimating the accuracy of the proposed method is improved compared to 

the conventional method. 

Figure 16. Magnified experimental results of the conventional method with actual position and
estimated position at 500 rpm and 1000 rpm. (a) θr, θ̂r, and Ia 500 rpm and (b) θr, θ̂r, and Ia at
1000 rpm.

Figure 17 shows the experimental results of the proposed virtual impedance-based
flying start at 500 rpm. To eliminate the position estimation error, VI is applied. As the
VI approaches the steady state, the θerr gradually approaches zero. The θerr is 1.5% of the
maximum steady state position error of the proposed flying start method, 0.05 rad, and
the position estimating the accuracy of the proposed method is improved compared to the
conventional method.

Figure 18 shows the validity of the proposed flying start method for another speed
range. Similar to Figure 17, Figure 18 shows Rv, Lv, a-phase current, and θerr. As in the
conventional method, the estimation current is controlled at 10 A. The VR controller and
the VI controller use I∗s and −Ld as a reference, respectively, and the VI controller is not
affected by the VR controller. However, the VR controller is affected by the VI. Therefore,
in the proposed flying start method, the VR is slightly increased to 1.15 Ω and 2.43 Ω at
500 rpm and 1000 rpm in the steady state. The θerr is 0.9% of the maximum position error in
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the steady state of the proposed flying start method, 0.03 rad, and the position estimating
accuracy is improved.
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Figure 17. Experimental results of the proposed flying start method and its position estimation error
at 500 rpm. (a) Rv, Lv, Ia, and θerr; (b) magnified waveform of (a); and (c) the steady state of the
proposed flying start method.

Figure 19 shows the magnified experimental results of the proposed flying start
method with the actual position and estimated position. It is proved that the proposed
flying start method can estimate the position more accurately than the conventional method.
In both speed ranges, the θerr is close to 0, and the estimated position and the actual
position coincide.
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Figure 20 shows a comparison of the experimental results of the conventional method
and the proposed flying start method during mode transition. The reference is 0 A for
the sensorless control. In the conventional method, because of position error caused by
the assumption error, a transient current exceeding the rated value occurs during mode
transition, and the inverter is disabled by overcurrent fault. By contrast, in the proposed
method, the mode is switched without problems.
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6. Conclusions

An improved flying start method for PSMS drives in terms of the error of the estimated
position was proposed. An algebraic type VI is applied to eliminate the steady state position
error in the estimation sequence. In addition, a VI controller, whose reference is −Ld, for
implementing the VI was developed. The proposed method presents the following features.
(1) The proposed method preserves the advantages of the conventional flying start method,
such as inrush current suppressing; (2) the proposed method eliminates the position error
between the actual and estimated rotor positions that exist in the conventional method;
and (3) the proposed method suppresses the transient overcurrent in the mode transition;
therefore allowing the natural mode transition.

Based on the discrete-time system model of the proposed flying start method, the
discrete-time stability analysis verified that the proposed flying start is stable in a transient
state and shares the same pole trajectory and even the rotor speed changes. The performance
of the proposed method was verified through simulations and experimental results. The
proposed method is a good solution for reducing transient overcurrent, as there is a low
stator inductance or a system using low switching frequency, such as in rail transit.
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