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Abstract: Due to the voltage limitation of the inverter DC-link of railway traction systems, six-step operations are widely
used in the high-speed region to improve the voltage utilization and increase the maximum fundamental frequency. In fact,
the magnitude of the output voltage fundamental harmonic reaches the maximum for six-step operations, while only the
phase angle can be adjusted. This limitation makes it challenging to control the instantaneous current of permanent
magnet synchronous motors (PMSM). This paper proposes a single d-axis current regulator flux-weakening control scheme
to improve the current control over six-step operations of PMSM without changing the inverter output voltage modulation
ratio by controlling only one degree of freedom. The voltage in six-step operations is generated by a synchronous space
vector pulse width modulation (SVPWM) based on basic bus clamping strategy (BBCS) with an effective limitation of the
switching frequency in the full-speed region. A simplified model of the current regulator is developed for the analysis and
design of the controller parameters. This paper presents clear rules for entering and quitting six-step operations effectively
to achieve a smooth transition between double current regulators and the single current regulator control. The numerical
results are verified by experimental measurements on a 7.5 kW PMSM drive.

1. Introduction

Permanent Magnet Synchronous Motors (PMSM)
achieve higher efficiency, higher power density, and lower
maintenance cost than induction motors for a large number
of applications [1-3]. Due to the outstanding performance,
PMSMs have been widely used as railway traction motors.
Due to the voltage limitation of the inverter DC-link,
PMSMs require flux-weakening control to extend the
operating speed beyond the base speed. Conventional
PMSM flux-weakening algorithms are based on flux-
oriented control. There are two current regulators, which are
used to control the d-axis current and Q-axis current,
respectively. Double current regulators control can be
obtained from the motor mathematical model [4, 5], lookup
tables [6, 7], gradient descent of voltage limit [8], voltage
feedback current control schemes [9, 10], etc.

In railway traction drive systems, the inverter
generally enters six-step operations to utilize DC-link
voltage when the motor is in the flux-weakening region.
Compared with the linear region of the space vector pulse
width modulation (SVPWM), the inverter output
fundamental voltage amplitude is improved by 10.26% in
six-step operations with consequent improvement of the
output torque and working area. Six-step operations also
reduce the switching frequency and, hence, inverter power
loss.

Two basic problems need to be addressed to obtain
satisfactory six-step operations of PMSMs. First, a suitable
vector controller is required to achieve instantaneous motor
control, as in six-step operations the phase angle of the
inverter voltage is the only degree of freedom. The above
mentioned conventional double current regulators control is
difficult to work in six-step operations. Second, the
maximum switching frequency of traction inverters is
commonly below 1000 Hz. Thus, a proper synchronous

PWM algorithm is required to limit low-order harmonics,
reduce current distortion and ensure a smooth transition to
and from six-step operations.

There are mainly two types of six-step control
schemes for PMSMs in the technical literature. The first is
the improved voltage feedback current control scheme [11-
13]. This series of research is continuously improved for the
realization of current closed-loop control in six-step
operations. Finally, the study in [13] realizes the
instantaneous current control in six-step operation by
enhancing the coupling between d-axis and (-axis current
regulators. As a double current regulators control scheme,
this method is too complicated to interpret and implement.
The second is the voltage phase angle control [14-16]. This
scheme is a special and easily achieved flux-weakening
control scheme for high power PMSM in six-step operations.
The voltage phase angle is adjusted to follow the torque
instruction. However, the dynamic response is slow as there
is no current regulator. In [16], the torque regulator control
parameters are adjusted using the PMSM model and the
system dynamic performance is improved. However, the
performance of this method depends on the accuracy of the
knowledge of the machine parameters.

In addition, there are some other papers studying six-
step operations of PMSM. A simple feedforward control
scheme is proposed in [17]. However, as an open-loop
method, the feedforward control has a slow dynamic
response and high parameter dependence. In [18], the angle
between the voltage vector and the g-axis is regulated by Q-
axis component of the current, and, then, PMSM six-step
operations are achieved with a variable time step six-step
modulation. The variable time step modulation is conflicting
with traditional fixed-step PWM methods of traction
inverters.

The performance of a control with double current
regulators deteriorates when the voltage amplitude is limited



because of the need to maintain the decoupling of the d-q
axis currents. In response to this, a single current regulator
control is proposed in [19-21]. This method regulates the d-
axis current to obtain the d-axis voltage and then
accomplishes flux-weakening control without a g-axis
current regulator. A constant g-axis voltage is selected with
a trade-off between the maximum torque capability and
efficiency of the PMSM [19]. In order to guarantee the
torque capability and efficiency simultaneously, the g-axis
voltage should be changed on the basis of the motor
working state. The modified method is named current cross-
coupling regulation with variable g-axis voltage (CCR-VQV)
and its simplified diagram is shown in Fig. 1. The g-axis
voltage is calculated from g-axis current and voltage limit in
[20], which need optimized coefficients and remain margin
to further improve the efficiency. The g-axis voltage is
obtained by a lookup table in [21], that requires a lengthy
commissioning of the motor. More critical for this paper, the
methods in [19-21] cannot keep the stator voltage vector
amplitude constant, then, cannot keep the inverter output
voltage modulation ratio constant. Consequently, these
methods cannot achieve six-step operations, although only
one degree of freedom is used.

Calculation formula Uq
or Look-up table

id* Ud*
S
lg|~

Fig. 1. Diagram of CCR-VQV flux-weakening control

A previous study in [22] proposes a CCR-VQV
control scheme which calculates g-axis voltage from the d-
axis voltage guaranteeing constant stator voltage vector
amplitude. However, the method in [22] is verified in the
asynchronous SVPWM linear region and without control
parameter design, where the inverter switching frequency is
20 kHz. This method will be extended in this paper for high
power traction motors with a maximum switching frequency
in the full-speed region of 960Hz, and six-step operations
are achieved to fully unitize the DC-link voltage.

The six-steps realization in [11-18] does not consider
the inverter switching frequency limit. With limited
switching frequency, railway traction inverters usually adopt
multi-modes PWM, including asynchronous modulation,
synchronous modulation and six-step single pulse
modulation [23]. Asynchronous SVPWM is widely used for
low-frequencies, while the six-step operation is an extension
of synchronous modulation. Synchronous modulation
schemes include special modulation as the selective
harmonic elimination-pulse width modulation (SHEPWM)
[24], and carrier based modulation as the synchronous
SVPWM [25-27]. SHEPWM is widely used for traction,
although the switching angle calculation needs the solution
of the transcendental equation that cannot be done in real
time. And there is also the problem of smooth switching to
the other modes [23]. SVPWM is easy to implement
digitally and the overall harmonic characteristics of some
types of synchronous SVPWM are not inferior to SHEPWM
[28] and therefore has been adopted in this paper for
application to traction inverters.

In recent years, the focuses of PMSM flux-
weakening control method study are voltage feedback
current control schemes [13, 29-32] , voltage phase angle
control schemes [3] and single current regulator control
schemes [22]. The voltage feedback current control schemes
apply double current regulators. However, these schemes are
too complicated. The voltage phase angle control schemes
without current regulators achieve worse current
performance.

Thus, this paper explores the application of CCR-
VQV in railway traction based on authors’ previous study in
[22], so as to achieve six-step operation with low switching
frequency. Compared with the existing methods, CCR-VQV
can maximize the utilization of DC voltage and achieve
better dynamic performance. The method is very simple
since only one current regulator is applied to achieve six-
step operation. Besides, the design method of the single
current regulator is given, which makes the application of
the method simpler and more convenient. The structure of
this paper is the following. Section II introduces the
formulation of CCR-VQV flux-weakening control strategy
for six-step operations. Section III illustrates the setting
approach of CCR-VQV flux-weakening controller
parameters and analyzes the methodology for the design of
the parameters. Section IV presents the experimental tests
on a 7.5 kW motor drive to validate the current control
scheme proposed in this paper.

2. Single Current Regulator Control In Six-step
Operations

2.1. Control Principle

In the synchronous reference frame, the steady-state

voltage of interior PMSM can be expressed as (1).

{ud = Rgiy — wLyig 1

Uy = Ryiy + @, (Laig + ;) D
where ug and u, are the d-axis and g-axis stator voltage
components; iy and i, are d-axis and g-axis stator current
components; R is stator resistance; w, is motor electric
angular speed; Y is permanent magnet flux linkage; L, and
L4 are motor d-axis and g-axis inductances.

The g-axis current can be derived from (1) and it is
equal to:

erd . uq - wrlpf
q Rs lg + Rs (2)

Equation (2) shows that, at a constant non-zero speed
and g-axis voltage, the d-axis and g-axis steady-state current
components have a linear relationship. The coupling
coefficient, —w, L;/Rs, increases with the motor speed.
When the motor speed is low, the flux-weakening control is
not necessary. In fact, the maximum output voltage of the
inverter is significantly higher than the back electromotive
force of PMSM and the g-axis voltage u, in (2) can be
adjusted easily to compensate for the coupling effect with
the d-axis current. Thus, instantaneous current control can
be achieved with a double current regulators control scheme.
When the motor speed increases the adjustable range of the
motor voltage magnitude is reduced. The coupling effect
becomes evident and the control performance of

i



conventional double current regulators control schemes
deteriorates.

Rather than eliminating the coupling effect when the
motor speed is high and the voltage reaches the maximum
value, single current regulator control utilizes the coupling
effect to achieve flux-weakening only by regulating the d-
axis current component. The determination of u, in (2), in
other words, the determination of (-axis voltage reference
ug is one of the most significant procedures in the control
design. It will determine the feasibility and effectivity of the
algorithm.

The control of the inverter output voltage modulation
ratio can be achieved by limiting the compositional stator
voltage vector amplitude ug; . If the coordinate
transformation maintain the vector amplitude, u, will be
equal to the motor phase voltage amplitude. If instead the

power is the same, ug will be \/3_/2 times the motor phase
voltage amplitude. The coordinate transformation
maintaining voltage vector amplitude is used in this paper
and controlling u is equivalent to control inverter output
fundamental voltage amplitude. Thus, the output voltage
modulation ratio of the inverter can be controlled accurately.
For the single current regulator control in this paper, the -
axis voltage reference ug is calculated from the d-axis
voltage reference uj; and target voltage vector amplitude u;

as:
uy = /u;z -u3? (3)

From (3), the current control structure of modified
CCR-VQV is shown in Fig. 2.
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Fig. 2. Modified CCR-VQYV flux-weakening control

In six-step operations, the amplitude of the
fundamental component of output phase voltage reaches the
maximum value of 2u./m, where u, is the inverter DC-link
voltage. To operate as six-step, the target voltage vector
amplitude u; must also be set to 2u./m if the vector
amplitude is kept constant in coordinate transformation. If

the power is kept constant instead, u must be set to vV6u, /.

The instantaneous sampled and updated u. is used to
calculate us and generate the PWM pulses. Thus, the impact
of u, fluctuation on the six-step operations is eliminated. In
this paper, the coordinate transformation keep the vector
amplitude constant and, hence, the structure of the single
current regulator for six-step operations is shown in Fig. 3.
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Fig. 3. Single current regulator control in six-step
operation
In railway traction drive systems, the reference i} is
generated by a torque outer loop. In practical applications,
the torque regulator can be replaced by a look-up table
between the torque and d axis current.

2.2. Transition to Six-step Operations

Fig. 4 shows on the i; — i, plane, the Maximum
Torque Per Ampere (MTPA) curve ‘OA’, flux-weakening
region ‘AB’ and ‘BC’ are three maximum torque working
zones of PMSM at different speeds [33, 34].
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Fig. 4. Working areas of PMSM

The MTPA control is usually employed below the
base speed and it is a typical double current regulators
control. The proposed CCR-VQV single current regulator
flux-weakening control is used in six-step operations. Thus,
a smooth switching from MTPA and six-step operations is
required.

Under the MTPA control, the reference ug is lower
than the maximum amplitude 2u./m. The rule to switch
from MTPA to CCR-VQV in six-step operation is:

/u;z +ul® = 2u/m(4)

After switching to CCR-VQV in six-step operation,
ug is limited to 2u./m. Thus, the voltage reference cannot
be used to quit six-step operations and return to MTPA. As
shown in Fig. 4, the motor operating region is divided by the
MTPA curve, where six-step operation region is on the left.
When the motor speed or the load reduces, the motor
operation point moves to the right side of MTPA curve and
should quit the six-step operation. Thus, the criteria of
quitting six-step operation can be obtained by relation
between the d-g axis current. The MTPA curve can be
assumed as a straight line when switching the flux-
weakening control. The criteria of switching modified CCR-
VQV to MTPA is shown in (5). For non-salient pole PMSM,
k=0; for salient pole PMSM, k<0.

ig >kig, k<0(5)

Fig. 5 describes the algorithm structure of current
regulators realization. If MTPA is the current state, the flux
weakening flag is equal to 0. In the step ‘calculation of ug
for updating the flux weakening flag’, if (4) is satisfied, the
flux weakening flag will become 1. Similarly, when (5) is
satisfied in six-step operation, flux weakening flag will
change from 1 to 0.

Another aspect to achieve smooth switching is the
necessity to avoid steps of d-q axis voltage reference.
Tracking the current integrators is a feasible approach.
When switching to six-step operation, the value of i; current
integrator in MTPA is given to i; current integrator in
modified CCR-VQV as an initialisation reset. When quitting
six-step operation, the value of i; current integrator in
modified CCR-VQV is given to iz current integrator in
MTPA as an initialisation reset. At the same time, ug is
given to i, current integrator in MTPA as an initialisation
reset.



When other double current regulators control is used
in non-flux-weakening operation, the principle of entering
and quitting six-step operation is similar. But the quit
criteria in (5) should be modified simply according to the
specific double current regulators scheme. Take iy = 0

control for example, the quit criteria is changed to be iy > 0.

Feedback collection and
current instruction
calculation

0:MTPA Flux weakening 1:CCR-VQV

flag is 1 or not?

Calculation of id/iq for
updating the flux
weakening flag

' v

Calculation of us for Regulation of ud* with

Regulation of ud* and ug*
with MTPA

updating the flux CCR-VQV and
weakening flag calculation of ug*

Update of current
integrator in CCR-VQV

Update of current
integrators in MTPA

* ud* and uq* ‘

Coordinate
transformation
and PWM

Fig. 5. Flow chart of current regulators realization

3. Design of The Current Regulator

3.1. Model Simplification

In practical applications it is possible to assume that
the control delay T, is 1.5Tpyp, where the Tpy )y, is the
control period. Therefore the modulation can be modelled
by a first order transfer function with time constant T;. The
control block diagram of the proposed CCR-VQV is shown
in Fig. 6, where k, is current regulator proportional
coefficient, and Ty is integral time constant.

i ST+ 1

PosT, 1+5sT,

s

Fig. 6. Block diagram of the proposed CCR-VQV for six-
steps operations

For the design of the control parameters of traditional
double current regulators control, the back EMF can be
considered as a disturbance input and assumed to be zero.
Unlike the traditional schemes where the design of the two
current regulators are independent, in the proposed control
scheme the coupling effect between i; and i, cannot be
ignored. So, (2) is used to calculate i, and, then, the back
EMF w;L4iq. The voltage component u, is used in (2), and
according to (3) is:

Ug = u? _uczi (6)

Equation (6) should be linearized to simplify the
practical implementation. The differentiation of the g-axis
voltage can be expressed as:

Uu
Auy = ——2L Aug = kyAuy (7)

Ugo
Where 144 and 1y, are the steady state d-axis and g-
axis voltage components, respectively. Meanwhile, using (7)
ug can be expressed as:
Ug = Ugo + Auy (8)
Combining (8) with and (6) and (7), u, can be

obtained as:
2
uS
ug = —+ kyug (9)
Ugo
Using (2) and (9), Fig. 6 is changed into the diagram
shown in Fig. 7:

L

iy ST, +1 1
—2®.—+kp L
ST, 14T,

s

Fig. 7. Converted control block diagram

As ug is a constant equal to 2u./m for six step
operations, Ugg, Ugo, Ky and w, are known parameters,
u?/uqo and w,Yr/R; in Fig. 7 can be considered as
disturbances and can be assumed to be zero for the design of
the flux-weakening d-axis current regulator. Thus, based on
Fig. 7, the transfer function i, (s)/u4(s) can be expressed as:

kyw.Lg
iq(s) _

Ry
ug(s)  wflglg
Ry
Introducing the quantities:
kyw.Lg
1T TR,

1+

(10)
+ Rs +sLy

_ wlLgLy

k, R,

,_Rs+k2
ST 14k,

. La
%_1+h
equation (10) can be simplified as:

iq(s) _ (11)
ug(s) R§+sLy
Based on Fig. 7 and (11), the control block diagram
can be simplified as shown in Fig. 8.

ig K ST, +1 1 Uy 1 Iy
PosT, 1+5sT,

s

Fig. 8. Simplified control block diagram

3.2. Design of The Regulator Parameters



The simplified control block diagram in Fig. 8 is a
classical second order system, for which the pole-zero
cancellation method can be used to design the controller
parameters. As an inner current control loop, response speed
in millisecond range is set as design goal. [35, 36]

The forward transfer function G,; for the above
block diagram can be expressed as:

ky (sTs+1) 1 1

Go, = 12
LT TR, s (1+4sTy) (1+sT;)( )

= Ls - _ Rsla (13)
R RZ2+ wlLylLg

It should be noted that for flux-weakening operations
w, is very large, and then T, is very small. Using the
parameters given in TABLE [, which refer to the
experimental PMSM used in this paper, T, would be
2% 107*s for a motor speed n = 1200rpm. Meanwhile
assuming a maximum switching frequency of 1 kHz that is
typical of traction inverters, the delay Ty = 1.5Tpyy >
1.5%x 1073 and, hence, T; > T, . In the controller
parameters design, the integral time constant Ty is used to
eliminate the larger time constant, so:

Ty

TS = Td (14)
Table 1 Parameters of the experimental PMSM
Parameter Value
Rated power (kW) 7.5
Rated voltage (V) 380

g-axis inductance (mH) 100
d-axis inductance (mH) 50
PM flux linkage (Wb)  1.25
Pole pairs 2
Coil resistance (L) 1.3

Then, (12) can be simplified as:
P

Gou = T,4R. s(1+ sT)) (15)

In order to balance the system response speed and
overshoot, the damping coefficient ¢ of the closed-loop
transfer function is set as 1/v/2. Then the following
relationship is obtained:

o gL 6
T.R. =3 (16)
Thus, the final design of the flux-weakening d-axis
current controller parameters is:
TyRg
PT
ky_m D
YT 2T
where, k; is current regulator integral coefficient.

k

3.3. Result Analysis

With the control parameters in (17), the final
expression of the closed-loop transfer function is

(18)

GeL =
ZTUIZ SZ +is+i

In the above design process, k,, and w, are relevant
to PMSM operations and are taken as parameters. The
physical meaning of k, needs to be further clarified.
According to literature [14-16], the voltage phase angle 6 is
defined as:

- Uqg
0 =tan"1(——) (19)
Uq
From (7) for steady state conditions, the voltage

phase angle 6 is:
0 = tan"1(k,) (20)
Then, the PMSM steady state electromagnetic torque
T, can be expressed as:
T, =— —4Ld3Lanr2 [—2sin(tan™" (k,,)) w,Lys Us
— (Lg — Ly)Us? sin( 2 tan™" (k,))] (21)
Using the motor parameters in TABLE I, the relation
between T, and k,, is shown in Fig. 9 for a mechanical speed
of 1200 rpm.

100 T

50 /
B
Z o
.
'_
50
100, 15 -10 5 0 5 10 15 20

Ky
Fig. 9. The relation between torque and k,

As shown in (18), T, is the only parameter that
influences the closed-loop transfer function. According to T,
expression in (13), k,, has been eliminated in (18). This
means the design formulae given by (17) are not influenced
by the PMSM torque.

With reference to the normalized transfer function of
a second order system without zeros, the natural frequency
wq of (18) is:

o = ﬂRSZ + wilyLg
07 2 RsLy

As well-known from basic control theory, the
response of the system is faster for larger wy. So the system
response is faster if the motor speed w, is larger based on
above design result.

Fig. 10 shows response of i; in per unit for a step
change of i} for motor speeds of 1200 rpm, 1600 rpm and
2000 rpm. The response time is less than 1.5ms while
overshoot is less than 5%.

(22)

Step Response
T

1
_____ -
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g n=2000 rpm
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Time (seconds) « 103

Fig. 10. The step response of the design with different motor
speed



3.4. Stability Analysis

With the control parameters in (17), the final

expression of the open-loop transfer function is

GoL = ! ! (23)
oy sZ+ Ls
Ty
Based on (23), the bode diagram for motor speeds of
1200rpm, 1600rpm, and 2000rpm can be obtained as Fig. 11.

It can be seen that both the amplitude margin and the phase
margin are positive. Consequently, the system is stable.

Bode Diagram
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Fig. 11. The bode diagram

4. Experimental Verification

The rig used for the experimental verification is
shown in Fig. 12 and includes a 7.5 kW PMSM motor, a
two-level inverter controlled by a TMS320F28335 floating
point digital signal processor. A twin motor is used as a load
and allows the control of the torque. The main PMSM
parameters are shown in TABLE 1.

Converter and Controller

Fig. 12. 7.5kW PMSM test rig
4.1. PWM Scheme of The Inverter

The motor has been controlled with a simplified
multi-mode PWM that limits the switching frequency of the
inverter. Fig. 13 shows the switching frequency f; as a
function of the fundamental frequency f;, and m is the
voltage modulation ratio. For frequencies up to 30 Hz, the
asynchronous SVPWM is used with constant switching
frequency at 960 Hz. For higher fundamental frequencies, a
synchronous 11-pulse Basic Bus Clamping Strategy (BBCS)
SVPWM is used instead [25, 26]. BBCS synchronous
SVPWM ensures half-wave odd symmetry, 1/4 period even
symmetry and three-phase symmetry of the output voltage,
and thus optimizes the harmonic characteristics. When the
fundamental frequency increases further, the BBCS

SVPWM with 11 pulses enters in the overmodulation region
and the pulses decrease to 7, 5 and finally enters six-step
operations.

In the first test, the motor accelerates from 0 rpm
with constant acceleration. Fig. 14 presents the motor phase
voltage, phase current and synchronous SVPWM vector
composition section. Fig. 14a shows that when the stator
frequency is 30 Hz, corresponding to a speed of 900 rpm,
the inverter switches from SVPWM to BBCS synchronous
SVPWM. When the frequency increases further, the number
of pulses decreases (Fig. 14b) until the modulation enters
six-step operations (Fig. 14c). The transition between of the
different modulation modes is smooth as predicted by the
theoretical analysis, and the phase current symmetry is
maintained.

Asynchronous BBCS
SVPWM Synchronous SVPWM
960Hz 7 Pulses
11 Pulses
N
= 5 Pulses
~N
3 m=0.9069 1 Pulse
Six-step
Operation
—_—
m=1
30
f./Hz

Fig. 13. PWM scheme of the inverter

u,

il L) B et

SVPWM Section

(a)Asynchronous SVPWM-~BBSC SVPWM with 11pulses

u(l

Iy

SVPWM Section

o

(b)BBSC SVPWM with 11 pulses---Over modulation with 7 pulses

U,

iy

SVPWM Section

(c)Over modulation with 5 pulses---Six-step operation

Fig. 14. PWM in full speed range
4.2. Speed Closed-loop Test

In the second test, the motor accelerates without load
from 0 rpm to 1700 rpm, remains at constant speed for 3 s
and finally decelerates down to 0 rpm. Below the base speed,
a double current regulators control is used, where the
reference for iy is set at -2 A and the reference for i, is
given by the speed regulator. Six-step operations start when

6



the voltage reference is equal to the value indicated by (4),
and the proposed CCR-VQYV is used.

Fig. 15 presents the measurements of n, iy, i4, us and
ugy. The region between the two blue vertical lines is when
the inverter operates in six-steps. The acceleration and
deceleration is not affected by the transition and there is also
no obvious spike or oscillation on the speed, current and
voltage diagrams. When the inverter enters in six-step
operations, i; decreases when the speed increases and vice-
versa to regulate the flux linkage. The voltage ug is constant
and equal to be maximum value 2u./m in conformity with
the theoretical expectations.

Fig. 16(a) shows the waveforms of the line voltage
and phase current when the inverter enters six-step
operations. Fig. 16(b) shows the same waveforms for a
constant motor speed equal to 1700rpm, while Fig. 16(c)
shows the same waveforms when the inverter exits six-step
operations. The phase current does not have any spikes
during the transition between the two modes and the line
voltage is firmly in six-step operations, unlike other control
scheme that shows a narrow pulse at the maximum and
minimum of the waveform. Thus, the designed current
regulator can stably realize switching between MTPA and
CCR-VQV in six-step operations without obvious spike.
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Fig. 15. Experiment results of the closed-loop speed control
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The experimental results of Fig. 15 and Fig. 16 can
prove that CCR-VQV can be applied to railway traction,
because the method can achieve not only low switching
frequency, but also full-speed range operation, especially
six-step operation.

4.3. Six-step Operation Current Stepping Test

In the third test, the machine speed is constant at
1200 rpm. The inverter operates in six-steps with the
proposed CCR-VQV. The d-axis current reference is
changed as a step from -2 A to -4.5 A at 1.5 s, from -4.5 A
to-7 A at4s, from-7 A to-4.5 A at 6.5 s, and finally from -
4.5 A to -2 A at 9 s. Fig. 17 shows the waveform of i}, iy
and iy. i follows the reference iy rapidly at all the stepping
point. i, changes with iy, which consists with the theory. It
can be obviously seen that the designed current regulator has
achieved excellent dynamic tracking performance and
stability performance.
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Fig. 17. Step response in six-step operation
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Fig. 18 shows the waveforms of motor line voltage
and phase current around the stepping times of the d-axis
current. The inverter is always in six-step operations and the
motor phase current response is in agreement with the
design values in millisecond range. This confirms that the
single current regulator scheme ensures a good dynamic of
the PMSM for flux-weakening control in six-step operations.
Based on the experimental results of Fig. 17 and Fig. 18, it
can be found that the designed current controller is superior
in current tracking and dynamic response, which can
achieve satisfactory six-step operation.

5. Conclusion

This paper proposes a novel current closed-loop
control scheme for six-step operations of traction PMSMs.
Considering that in this region the magnitude of the voltage
is constant and the only degree of freedom is the phase angle,
the proposed control uses a single current regulator to
achieve instantaneous motor current control. The paper has
then proposed a reliable strategy to switch from the double
current regulators control to the single current regulator
control and it has demonstrated that there are no current
spikes during the transition between the two schemes. The
design of the controller parameters has been analyzed to
understand the main quantities affecting the dynamic of the
motor when controlled by a single current regulator.
Experimental results on a 7.5 kW PMSM with a maximum
switching frequency of 960 Hz have confirmed all the
theoretical hypotheses. Compared with conventional
methods, the proposed solution is simple and easy to
implement and is not affected by the accuracy of motor
parameters
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