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Abstract: During the last decade, field oriented control has often been implemented with space
vector modulation due to its inherent advantages over other modulation techniques. On the other
hand, direct flux control is a method that estimates the rotor electrical position of synchronous
machines (e.g., permanent magnet synchronous motors) using only voltage measurements. In simple
terms, direct flux control replaces position sensors by measuring the voltage difference between
the star point of the synchronous machine and an artificial star point at particular instants during
the switching pattern. Indeed, previous work dealt with direct flux control resorting exclusively to
sinusoidal pulse width modulation and mostly in open-loop speed control schemes. This paper aims
to present a space vector modulation-based direct flux control measurement sequence that can be
used directly with field oriented control to perform sensorless speed control of synchronous machines.
In contrast with previous publications, the direct flux control measurement sequence proposed in
this paper not only extracts the direct flux control flux linkage signals with the same offset level but
also obtains the phase currents needed for field oriented control without current ripple. In simple
terms, the proposed direct flux control measurement sequence based on space vector modulation can
be used with field oriented control to perform sensorless closed-loop speed control of synchronous
machines. The sensorless speed control with the space vector modulation-based direct flux control
sequence is validated for high speeds (80% of the nominal speed) and low speeds (6% of the nominal
speed) using a high-fidelity four-pole synchronous machine’s simulation model implemented in
ANSYS Simplorer and Maxwell.

Keywords: synchronous machines; sensorless control; variable speed drives; space vector pulse
width; system simulation

1. Introduction

Among the different types of electrical motors, synchronous motors (e.g., permanent
magnet synchronous motors (PMSMs)) are chosen most of the time for high-performance
variable speed drive systems [1-3]. The reason for this are the superior characteristics of
synchronous motors over their DC and induction counterparts such as higher efficiency,
higher power density, and higher reliability [3,4]. In addition, synchronous motors exhibit
a higher torque to inertia ratio than DC and induction motors that ultimately leads to
small ramp-up times and to very high dynamics [5]. However, in order to exploit at their
maximum all the capabilities of synchronous motors, field oriented control algorithms
are needed to command these types of motors [6,7]. As in synchronous motors, torque
production is related with the control of the magnitude and orientation of the current vector
with respect to the rotor flux; the rotor position which is aligned with the rotor magnetic
flux is needed. In fact, the current vector created by the three-phase windings should
remain at an optimal electrical angle with respect to the rotor magnetic flux at all speeds [8].
Only under these conditions will the best torque/current ratio or the maximum torque
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per unit of current be achieved [9]. Obviously, the synchronous motor’s rotor position
needed to perform field oriented control can be obtained though physical position sensors
such as absolute encoders or resolvers [5,10]. However, these additional sensors demand
extra costs and extra cables, and make the synchronous motor’s shaft length larger [11].
The latter two unfortunately reduce the reliability and the power density of the entire
drive system. In addition, the cable from position sensor to control unit can be affected
by EMI noise due to PWM switching which could deteriorate the field oriented control
performance [12]. For this reason, in recent years, a lot of work has been carried in the
so-called sensorless control methods. These use the electrical machines directly as sensors
to obtain the rotor position [13].

Generally speaking, the sensorless control methods can be divided into two groups:
methods for middle- to high-speed operation (i.e., speeds starting at 20% of the nominal
speed) and methods for standstill or very low speeds [2,11]. On the one hand, methods
for middle- to high-speed operation are normally based in mathematical models of the
synchronous motor. Thus, they need the machine’s physical parameters [14]. Examples
of methods that belong to this group are open-loop observers, closed-loop observers [15],
and adaptative observers [16,17]. On the other hand, the methods for standstill and low-
speed operation exploit the machine’s inductance variation, and they do not require the
parameters of the machine. These methods exploit the fact that the synchronous motor’s
stator self-inductances vary as a function of the rotor position due to the magnetic saliency
of the AC machine [2]. Actually, the saliency-based methods are considered still under
development [12], and the most important exponents of this group are the high-frequency
injection methods [18-20]. However, other methods that exploit the saliency of the AC
machine exist, and they have been not so extensively studied as the high-frequency injection
methods. The latter is the case of the INFORM method [21,22] and the Direct Flux Control
(DFC) method [23,24]. Although both methods send pulsating voltage signals to the
machine in order to obtain the rotor position, the difference lies in the output signal used
for the rotor position estimation. In detail, the INFORM method measures current signals
to estimate the rotor position, whereas the DFC method uses voltage signals to perform the
same estimation [25]. The first advantage of the DFC method over the INFORM method
is that it is easier to process voltage signals than current signals with the aim to estimate
the rotor position. The second advantage of the DFC method is that it can estimate the
rotor position also at high speeds where the INFORM method and other high frequency
injection methods exhibit limitations [26]. Naturally, DFC also exhibits some disdvantages
as it requires additional voltage sensors, additional resistances for the artificial star point,
and extra cabling to capture the voltage measurements.

The DFC method was developed originally by Strothmann and patented in [27].
Subsequently, Mantala et al. analyzed the DFC method in detail in [26-30]. In summary,
DEFC is a sensorless method that estimates the synchronous motor’s rotor position from the
so-called DFC flux linkage signals (4,v,w). The DFC flux linkage signals embody the rotor
flux position and they can be obtained from voltage measurements between the star point
fo the machine (V) and an artificial star point (V on). The latter is made of pure resistive
elements which are connected in parallel to the machine (see Figure 1). Furthermore,
the voltage measurement between the star points, namely the voltage Vnan = VN —
V AN, must be evaluated at precise intervals within the switching pulse pattern in order
to extract the DFC flux linkage signals correctly. On this basis, the first measurement
sequence to extract the DFC flux linkage signals was proposed by Strothmann in [27].
Based on this original measurement sequence (see Figure 2), DFC was used in an open-loop
speed control structure in [31], and in a speed closed-loop structure with field oriented
control in [30,32]. Unfortunately, the problem of the original measurement sequence is
that the DFC flux linkage signals are extracted with a different offset level in each phase.
Different offsets in each DFC flux linkage signal are more difficult to compensate and, for
that matter, the rotor position estimation is affected negatively [33]. On account of this,
Mantala derived mathematically a second DFC measurement sequence in [30] based on
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Sinusoidal Pulse Width Modulation (SPWM). This second measurement sequence solves
the offset asymmetry in the extracted DFC flux linkage signals inherent to the original
measurement sequence. Afterwards, Grasso et al. in [34,35] tested successfully the second
DFC measurement sequence in an experimental setup validating Mantala’s mathematical
derivations. On this basis, the second DFC measurement sequence was then implemented
within an open-loop speed control structure in [36].
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Figure 2. Original DFC measurement sequence: Inverter’s states for DFC flux linkage measurement.

Furthermore, a DFC measurement sequence meant to be used in conjunction with
Space Vector Modulation (SVM) was presented by the authors of this paper in [37]. In ad-
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dition, the SVM-based DFC measurement sequence was utilized in a speed closed-loop
structure with field oriented control in the same reference. To the best of the authors’ knowl-
edge, the SVM-based DFC measurement sequence was used for the first time in a speed
closed-loop structure with field oriented control in our previous conference paper. Indeed,
this paper comes to expand the work presented in [37] providing three novel aspects. First,
a detailed mathematical derivation of the modified DFC measurement sequence that is
used it conjunction with SVM is presented. Second, the field oriented control structure that
uses the SVM-based DFC measurement sequence is explained in great detail. Last but not
least, additional results of the sensorless field oriented control with the SVM-based DFC
measurement sequence for low and high speeds that were not previously disclosed are
shown. To this end, this paper is organized in six sections. First, Section 2 discusses the
derivation of the SVM-based DFC measurement sequence that is compatible with field ori-
ented control. Afterwards, Section 3 covers the speed control structure with field oriented
control that uses the proposed DFC measurement sequence. Then, Section 4 describes in
detail the high-fidelity simulation model used to validate the sensorless speed control loop
with field oriented control and DFC. The high-fidelity model consists of a finite element
model (FEM) of a synchronous machine created in ANSYS Maxwell that is coupled with a
power electronics circuit implemented in the software ANSYS Simplorer. Subsequently,
Section 5 shows and discusses the results obtained for the sensorless speed control with
field oriented control and the SVM-based DFC for low and high speeds. Finally, Section 6
presents the main conclusions and outlook.

2. SVM-Based DFC Measurement Sequence

The DFC flux linkage signals are obtained measuring the voltage VnaN at particular
states during the switching pattern produced by the inverter. Therefore, an external pure re-
sistive circuit connected in star needs to be connected in parallel to the synchronous motor’s
machine terminals (see Figure 1). As it is important to avoid the current flow through the
additional resistive circuit, the values of the additional resistances (Ran,Rpn,Ran) should
be much higher than the phase impedances of the synchronous motor. Actually, resistance
values between 200 k() and 470 k() are recommended for the construction of the artificial
star point [28]. Furthermore, although field oriented control can be used with any kind
of modulation technique, in recent times, SVM is the preferred modulation technique for
field oriented control [38]. This is because SVM allows for a bigger amplitude for the
voltage space vector that is fed to the motor for the same DC-Link voltage level and the
same inverter topology than other techniques such as Sinusoidal Pulse Width Modula-
tion (SPWM) [5]. A second reason is that many SVM algorithms exist whose inputs can
receive directly the reference voltage space vector in &, coordinates. The latter means that
transformations from Cartesian coordinates to polar coordinates can be avoided. Hence,
processing time and usage of microcontroller resources are reduced for the synchronous
motor’s control [39]. On account of this, in this section, we present an enhanced DFC
measurement sequence that is based on SVM.

2.1. Voltage Equation at the Machine’s Star Point

The voltages at the star point of the machine (V) and at the artificial star point (V aN)
are the foundation for the DFC method. In fact, Mantala in [30] derived the equation
of the machine star point as a function of the voltages supplied to the terminals of the
synchronous motor. In detail, and with reference to Figure 3, the stator flux linkage for
each phase can be written as [40]:

‘Fa La Lab Lac Z'a Tr,a
Y| =L Lo Loc| ||+ |Fin|, 1
‘ch Lac Lbc LC ic IIIr,C

where L, Ly, L. are the synchronous motor stator self-inductances, Ly, Li,c,Lac are the
synchronous motor stator mutual-inductances, and ¥;5,¥;p, ¥ are the flux linkages
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caused by the rotor magnetic flux in each of the stator’s windings. Again and with reference
to Figure 3, the voltage at each of the synchronous motor terminals taking into account the
voltage at the star point of the machine (V) can be written as [23]:

d¥a
vz Ra 0 07 [ia i 15N
vp| =0 Ry O ||+ |Ze|+ W], @
Ve 0 0 R ic dY. N

at

where R;,Rp, R, are the synchronous motor phase resistances. Furthermore, (2) can be
expressed for each phase as:

d(Laia)+d(Lbaib) d(Lacic)  d¥ya

va = Rala + =0, dt dt a N ®)
_ : d(Labia) d(Lbib) d(Lbcic) d‘Pr,b
vp = Rpip + 0t it it + T, + VN 4)
. d(Lacia) | d(Lpcip) | d(Leic) | d¥rc
—
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Figure 3. Synchronous motor circuit scheme and star point voltage.
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It is possible to expand the latter three equations and sum them together to obtain the
voltage Vyy (see Appendix A). This leads to:

+ + Uc laRa + ’bRb + ICRC
VN = —
La + + Lc L a + - + Lc
d¥r,a d‘yr,b d¥r,c
dt dt dt
Ia T Lb + 1
La + + Lc
L
(Ia dt A +Lpa d? +ip dtb +Lac %¢ i iR L)
— La (6)

1 1
E+E+E

. dLac
(la e +Lba P Jr1b dt b 4 ac B¢ +ic Lac )

La

La+ +LC

dLac dL
(Lac - A 4ig a +LbLC d? +1b d]? +lC C)
C

1 1
Lt T

Finally, consider that i, + i, +i. = 0 and the assumption that the time interval between
the evaluation of two consecutive Vyy signals is small enough such that there is not a big
change in the derivatives of the stator self-inductances, and phase currents during the
interval implies that the last three terms in (6) can be neglected, leading to [30]:

+ + laRa + ’bRb + lcRc
VN = 1
E+E+H E+E+E
d¥ra b d¥rc (7)
dt dt dt
ta-t 1, 1 e

1 1 1
Lt Tic

The last assumption is true if, for example, the time interval between two consec-
utive Vy evaluations is made ten times smaller than the modulation period. Moreover,
the voltage V clearly embodies the rotor position because the stator self-inductances in
the synchronous motor vary as a function of the rotor electrical angle « as follows [40]:

20
La=Ly+Ly+ ngcos(F), (8)
20 21
Lb = La() + Lal + LgZCOS(? + ?), (9)
20 271w
LC = La() ‘l’ Lal ‘I’ ngcos(? - ?), (10)

where P stands for the number of pole pairs in the machine, L, stands for the inductance
due to the constant component in the air-gap permeance, L, is due to the phase leak-
age inductance, and Ly is due to a component in the air-gap permeance, which varies
cosinusoidally at twice the rotor electrical angle.

2.2. Standard Voltage Vectors and Voltage between the Star Points

In order to use the DFC method with SVM, it is necessary to study the behavior of the
voltage Vnan for each of the standard vectors (Uy) that can be applied to the synchronous
motor. Putting it simply, it is necessary to analyze the behavior of the voltage Vnan when
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each of the voltage space vectors Uy is supplied by the inverter to the synchronous motor
terminals. Accordingly, if we consider the two-level inverter depicted in Figure 1, only
23 = 8 valid logical states distributed in six sectors (Sy) for the three phase windings are
possible. The eight logical states lead to eight standard voltage vectors. In particular, there
are two voltage vectors where all the windings are connected to the same DC-Link rail
(i.e., zero vectors) and the other six vectors that are known as the active vectors [38,40].
Only for illustration purposes is the spatial disposition of the standard vectors used this
work in the &« — p reference frame shown in Figure 4. Furthermore, resorting to (7) and
with reference to Figure 4, the voltage Vyan for each of the standard voltage vectors is
calculated, and the results can be seen in Table 1. Moreover, the DFC flux linkage signals are
calculated from the voltage Vyan measured at two different inverter states—more precisely,
at two different states that correspond to two different standard voltage vectors. These two
standard vectors are applied one after the other with a very small time in between (e.g.,
tenth of a modulation period) such that the current rate of change between the voltage
vectors transition can be neglected. In other words, if the standard vectors are applied one
after the other, the phase current can be considered constant for the transition.

tiB

U3: (O:VWO) S ,U,Z f (Vd('vdwo)

N Axis of

S N phase a
1 \

U= (0,7, “ U,=(0,0,0) \>U1 = (.00 ﬁ_y
U (vd(“' VdL“' vd<) , / O/
/
S P
/
/
/
Us= (0.0, U= (,.0v,)

Figure 4. Standard vectors’ spatial disposition in the « — B reference frame.

For example, the flux linkage signal u can be calculated subtracting the voltage Vnan
measured when the vector U is applied to the machine from the Vyan measured when
the standard vector Uy was applied. That is:

u = VNan,u1 — VNAN,UO

i R i R i R
V4e aUlRa  ipuiRp | icuiRe
_ Ta . La + Lb + Lc
1 1 1 1 1 1
Lt T Lt T
d¥ra ¥rp d¥rc
it . —d@i
_ La + Lb + LC N Zvdc + (11)
1 + LA 1 3
Ta T Iy T ILc
. . . q¥ ¥ p ay
uoRa | uoRs | fcuoRe 5t 7 E
La Iy Lc La Ly Lc

1 1 1 1 1 1
Lt tic Lt T
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Table 1. Voltage between the star points at different standard space vectors.

Standard
Vector

Voltage VNaN

Uy

’de ’aRa+‘b b+'cRc
La b

1
T+t +&

LC Lb LC
d¥ra Wr,b d‘fr,c

dt dt dt
4JJ;:L 204

T 73
Tt ti

U,

“dc , °dc IaRa ‘b b ‘CRC
a £ + hy +icke

T
+& L+
Le La
d¥ra Wr,b a¥r,c
dt o T

+Lb Lb+?

T 3
Tt ti

b Lc _ 1de

”dc IaRa 'b b ‘CRC
+ +¢
Lb b

te

-
Ltg e g+Lb

a¥ra “r,b d¥r.c

UO and U7

Ude —

‘aRa+ b b+lcRc qi

b La

o tic e+

b
Odc-

Under the assumption that the transition interval between the standard vectors is

very small, it follows that i, yo ~

becomes:

= VNaN,U1 — VNAN,UO

Z"Udc

1 1 1
Lt Tic

3

~ i, y1, and icuo ~ ic,u1. Thus, Equation (11)

(12)

From (12), it can be seen that the flux linkage u only depends on the DC-Link volt-
age vq4. and the stator self-inductances that vary with the rotor electrical angle as stated

in (8)—(10). Furthermore, in (12), the term ZU% is regarded as the offset of the extracted flux
linkage u. Due to the fact that the DC-Link voltage is not exactly constant, especially when
the DC-Link is supplied through a passive diode-rectifier [41], the offset can vary over the
time. For this reason, it is advisable to extract all the signals with the same offset in the
measurement sequence. This is with the idea in mind to minimize the DC-Link variation
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impact over the DFC flux linkage signals [30]. However, there are many possibilities to
combine the standard vectors to extract the DFC flux linkage signals (i.e., ,0,w), only a few
combinations will extract the three DFC flux linkage signals with the same offset. In effect,
the easiest way to extract the DFC flux linkage signals with the same offset is using always
a zero vector together with Uy, U3 and Us as consecutive applied vectors: Specifically:

u = VNan,u1 — VNAN,UO

0,

T 20 (13)
1 1 1 :
Lt tn 3

v = VNnaN,u3 — VNAN,UO

%d
T 2% (14)
1 1 1 :
Ltptn 3

w = VNaN,U5 — VNAN,UO

(9
e 204 (15)
! 1 1 '
Lt t. 3

Furthermore, if the voltage VnaN is analyzed according to Table 1 for the original
DFC pulse pattern depicted in Figure 2, the DFC flux linkage signals become:

u = VNaN,u1 — VNAN,UO

od

Tac o 2vclc (16)
1 1 1 :
Ltptn 3

v = VNaN,u2 — VNAN,UT

2
- Lbc 1UdC (17)
ST, 1,1t 3
La 7L T Ic

w = VNaNu2 — VNaN,U?

v

d

To 204 (18)
1 1 1
ntpto 3

Clearly from (16)—(18), it can be seen that the DFC flux linkage signals have a different
offset level if the original measurement sequence is used. The latter of course is very disad-
vantageous and negatively impacts the accuracy on the rotor position’s estimation [37].

2.3. Space Vector Modulation with DFC Measurement Sequence

Given that with SVM any space vector can be created by averaging voltage vectors
over time in one modulation period, the order of which each voltage vector could appear is
not unique. Certainly, the latter is translated into degrees of freedom in the modulation [39].
One particular sequence, the so-called alternated direct inverse SVM sequence [41], is very
convenient because it reduces the number of transistors” commutations within a modulation
period and thus reduces the switching losses [42]. The key point in this sequence is that
it starts the modulation period with the U zero vector and ends the same modulation
period with the same zero vector (i.e., the sequence is center aligned). In addition, this
sequence brings the big advantage that the time-average value of the phase currents can
be measured at the middle of the modulation period without any additional low-pass
filters [43]. Obviously, the time-average value of the phase currents is needed for the inner
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current controllers within a field oriented control scheme. Furthermore, in order to combine
the DFC measurement sequence stated by (13)-(15) with the alternated direct inverse SVM
pulse pattern, the following algorithm is proposed. First, the reference space vector to be
synthesized is given in a-f coordinates as input to the algorithm. Second, the alternate
direct inverse SVM pulse pattern is constructed in the conventional way calculating the
turn-on and turn-off times of each phase taking as a base the reference voltage space
vector. In this work, the latter was carried out according to the SVM implementation
guidelines provided by Quang and Dittrich in [42]. Third, based on the turn-on and turn-
off times calculated previously, the total time that each phase’s winding is connected to
a positive rail of the DC-Link, namely the phase pulse duration, is computed. Fourth,
the DFC measurement sequence is constructed according to (13)—(15) producing three pulse
patterns, each with a period equal to one modulation period. On each of these three pulse
patterns, the phase pulse duration is held constant as was determined for the first pulse
pattern. The idea behind this is to maintain the voltage-time area for each phase winding
constant in every modulation period. However, in each of these three pulse patterns,
the phase voltages are shifted in such a way to comply with (13)-(15) with the aim to extract
the DFC flux linkage signals with the same offset. In order to clarify the pulse patterns’
generation algorithm, let us present a simple example. Consider that a reference voltage
space vector that lays on sector 1 (i.e., Sy in Figure 4) is given by its v, and vg components.
It follows that the right-vector time (T;), left-vector time (T}), and zero-vector time (Tj) can
be calculated as follows [42]:

V3Tpwm ( 1 )
T, = ——(\V,——=V3 ), 19
' 22JClc ! \/5 p ( )
Trwm
T, = ouc Vg, (20)
_ 1 V3V, (V3-6)Vp
To = TrwMm (2 — P0ae + 600 . (21)

Based on these results, the alternated direct inverse SVM pulse pattern can be con-
structed calculating the turn-on and turn-off times for each phase as:

T, T
TaoN = 70/ Ta0rF = TrwMm — 701 (22)
T T
Tpon = 70 +Tr, Toorr = TrpwMm — 70 =T, (23)
T T T
Teon = 70 +T:+ T, T.orr= P;VM - 70' (24)

Then, the phase pulse duration needed to construct the DFC pulse patterns can
be obtained:

Ta = Taorr — Ta0N- (25)
Ty, = Tyv,0orr — Th,ON- (26)
Te = Teorr — TeoN- (27)

After all these calculations, the four pulses are generated as is shown in Figure 5.
Clearly, the first of the pulse patterns is the alternated direct inverse SVM pulse pattern
that is used to sample the phase currents.
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Figure 5. Inverter states for flux linkage measurement within the enhanced measurement sequence
(SVM combinated with DFC).

Next, the first DFC pulse to extract the flux linkage signal u is generated according
to (13) maintaining the pulse durations calculated by (25) through (27). Similarly, the next
two DFC pulses are generated based on (14) and (15) to extract the DFC flux linkage signals
v and w, respectively. Of course, the pulse duration for each phase is kept constant in the
last two pulses as well. Notice that conventional SVM uses only the standard vectors Uy,
U1, U and Uy to synthesize a voltage vector in sector 1. However, the SVM-based DFC
measurement sequence unfortunately introduces the standard vectors U3z and Us in the
last two modulation periods. Granted that the use of standard vectors that are not part
of the sector will cause the resultant space vector to deviate from the reference. However,
this deviation will be small, and it is accepted for the sake of keeping the pulse pattern
generation algorithm as simple as possible.

3. Sensorless Speed Closed Loop Control with Field Oriented Control and SVM-Based
DFC Measurement Sequence

It is widely known that the most effective way to perform speed control over a
synchronous motor is resorting to the rotating reference frame or dq frame [5,39,40]. This
implies that the exact electrical rotor position is needed to transform all the variables to dq
coordinates using the Clarke—Park transformation [41]. On this basis, Equations (28)—-(31)
show the relations between the synchronous motor’s variables in the dq coordinates [40]:

. i ,
04 = Rsig + de% — welqiq, (28)
i
Uq = Refq + Lq g, + weLaia + we¥r, (29)
3P, . . .

Te = T(Ldzdzq +Yriqg — Lgigiq), (30)

dw
E = Te - TLoadr (31)

where Rs = Ry = Ry, = Rc is the phase winding resistance, Lq and Lq are the direct and
quadrature inductances, and iy and iq are the direct and quadrature currents. Furthermore,
we is the electrical angular speed, ¥ is the rotor flux established by the permanent magnets
in the rotor, and w is the mechanical angular speed. Finally, T is the electromagnetic torque
produced by the synchronous motor, and T y,4 is the load torque. Of course, from (30), it
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can be inferred that the electromagnetic torque T, can be changed rapidly by manipulating
iq if ig is zero. From (31), the angular acceleration ‘fi—‘f can be changed by manipulating
appropriately the electromagnetic torque Te. All in all, the synchronous motor’s speed
control reduces to the control of the iy and iq currents. Certainly, the electrical rotor position
needed to carry out the control in the rotating reference frame can be supplied by DFC.

3.1. Rotor Position Estimation Using DFC
Actually, the rotor electrical position can be estimated based on the DFC flux linkage

signals defined by (13)—(15). Based on these, the electrical rotor position can be computed
using the DFC highest-flux value method as follows [30,33]:

—
Q
|
g
=

5, if(u>v)A(u>w)
5?”, if (v>u)A(v>w). (32)
z, if(w>u)A(w>u)

—
g

| =
=
=

XCale =

T

S
e R
+ + +

g

3.2. DFC-Based Rotor Speed Estimation

The rotor speed needed by the speed control loop can be calculated from two consecu-
tive electrical rotor positions outputted by DFC. However, in order to improve the speed
calculation accuracy, we have employed an average moving filter (MAF) with 16 samples
to smooth the DFC estimated position. From the smoothed position signals, the rotor speed
can be computed as:

XCale,n — XCalen -1
w = ’ . 33
Calc 4.-P- TPWM ( )

3.3. Sensorless Speed Closed Loop Control with Field Oriented Control Structure

Speed control of synchronous motors with field oriented control is inherently a cas-
caded control loop, where the outer speed controller sets the reference to the inner current
control loop on the g-axis. In fact, this control structure is illustrated in Figure 6. Obviously,
the particularity of Figure 6 is that the position sensorless speed control is realized using
the SVM-based DFC measurement sequence. Notice that the time-average phase currents
can be obtained only within a time frame of four switching periods. This represents a dis-
advantage in comparison with conventional field oriented control based in standard SVM,
which obtains the time-average phase currents at every switching period. Thus, the current
controllers for sensorless field oriented control based on DFC need to be designed with a
bandwidth four times smaller than for conventional field oriented control. Furthermore,
in the control structure, the speed is calculated according to (33). Nonetheless, the calcu-
lated speed is filtered once again by a low pass filter (LPF) in the closed loop to improve
the speed reference tracking. With this in mind, the speed controller, current controllers,
and axis decoupling feed-forward controllers in this work are designed according to [39].
Moreover, in case of voltage saturation in the demanded voltages by the current controllers,
the voltages v4 and vq are truncated limiting the modulation ratio splitting the limitation
between both voltages components as follows [42]:

2 2
U°DC U°DC
d,Lim d (vzd+vzq) qLim q (Uzd+v2q) (34)
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Figure 6. Sensorless speed control with SVM-based DFC measurement sequence.

Weale (eq. 33)

4. Finite Element Model of the Synchronous Machine

The proposed SVM-based DFC measurement sequence that extracts the DFC flux
linkages” signals with the same offset level is validated through computer simulation in
this paper. As DFC exploits the fact that the stator’s self-inductances vary as a function
of the rotor position, it is necessary to have a machine model that reproduces with high
fidelity the electromagnetic phenomena that occur in the real machine. The latter is actually
possible using a finite element model of the synchronous machine. In particular, we have
modeled a real Wound Rotor Separated Excited Synchronous machine (WRSESM) using
the finite element (FE) method in ANSYS Maxwell. Certainly, in the future, we will use the
developed WRSESM model to study the behavior of DFC varying the rotor flux changing
the field current. However, in this work, for all the field oriented control simulations that
we have performed, we have kept the WRSESM's field current constant at 0.4 A. Therefore,
in reality, the WRSESM behaved effectively as a PMSM for all the field oriented control
studies presented in this paper. Furthermore, the company WUEKRO GmbH supplied us
with a real WRSESM (see Figure 7) whose nominal parameters can be seen in Table 2.

Figure 7. WUEKRO Wound Rotor Separated Excited Synchronous Motor (WRSESM).

Furthermore, and in addition to the real WRSESM, the constructional details of the
machine were also provided. Specifically, the stator and rotor geometries, the magnetic
materials used (M800-50A non-oriented electrical steel for the stator and steel ST37 for
the rotor), and windings’ schemes were disclosed by the manufacturer. With all this
information (which can be found in Appendix B), we have developed the FE model of the
WRSESM. In fact, the developed FE model can be seen in Figure 8.
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Table 2. WUEKRO WRSESM—Nominal parameters.

Parameter Value Unit Description
Type W3375-4A Three-phase SM
with salient pole rotor
(4 poles)
fe 50 Hz Electrical frequency
w 1500 rpm Mechanical speed
cos¢ 0.8-1-0.8 rpm Power factor
S 1 kVA Rated apparent power
p 0.8 kW Real power at cos¢p = 0.8
VRMs 400 \Y% Nominal phase voltage
IrRms 1.52 A Nominal phase current
at leading cos¢ = 0.8
VEMax 220 v Nominal field winding voltage
TrMax 0.6 A Nominal field winding current

Figure 8. Quarter finite element model of the WRSESM developed in ANSYS Maxwell.

4.1. WRSESM Model Reduction

It is granted that the WRSESM has four poles. However, in ANSYS Maxwell, we
have created only one quarter of the WRSESM four pole’s symmetric structure. Actually,
in the real machine, the magnetic poles in the stator and rotor alternate between north and
south poles during the entire operation. Indeed, the same behavior can be reproduced
in ANSYS Maxwell configuring negative master/slave boundary conditions in the one
quarter FE model. This allows for reducing the model’s calculation complexity and the
processing time without comprising the high simulation’s fidelity brought by the finite
element method [44].

4.2. Model Validation

Furthermore, the FE model was validated against the real WRSESM through two
different tests, namely the open-circuit test and the short-circuit test. The open-circuit
and short-circuit tests were performed according to [40] driving the FE model and the
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real machine at 1500 RPM and varying the field current from 0 A to its nominal value of
0.6 A. Actually, Figures 9 and 10 show the validation results for the open-circuit test and
short-circuit test, respectively. From both figures, it is possible to see that the open-circuit
voltages and the short-circuit currents of the FE model closely follow the values measured
in the real WRSESM. In particular, the tests’ comparison shows a maximum relative error
in the open-circuit test of 7%, and a maximum relative error in the open-circuit test of 5%.
However, notice that the mentioned relative errors are valid for field winding currents
larger than 0.2 A.

> ‘ | ‘

o 400 — Real WRSESM

& 350} — FE Model

§300'

S 250

+ 200|

§150—

? 100}

5 50}
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Field Winding current (A)

Figure 9. Open-circuit characteristics of the FE model and real WRSESM.
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Figure 10. Short-circuit characteristics of the FE model and real WRSESM.

5. Simulation Validation

The DFC-based sensorless speed control with field oriented control is validated
through a co-simulation between ANSYS Maxwell and ANSYS Simplorer (see Figure 11)—
specifically, through a transient coupling simulation between the FE model of the motor
created in Maxwell and a power electronics circuit implemented in Simplorer. Actually,
the FE model is interfaced through passive resistors to the two-level inverter. These resistors
have to have the same value as the winding resistance in the real WRSESM. The latter
is necessary because the co-simulation does not support direct connection of voltage or
current sources to the FE model pins [44]. In addition, three resistors of 470 k(2 are used
to construct the artificial star point, and the other three resistors of 470 k() are used to
measure the voltages that are fed to the machine to build the voltage difference Vnan.
Moreover, the control logic (see Figure 6) is implemented in C++ language in a Simplorer
C-model block. This block includes the code for the speed controller, current controllers,
and the SVM-based DFC pulse pattern generator. In addition, the speed calculation based
on the DFC estimated position alongside the moving average filter and LPF filter needed to
smooth the speed signal are also implemented in the C-model block. In any case, the co-
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simulation between ANSYS Simplorer and Maxwell is carried out by a data exchange
between the Simplorer and Maxwell solvers in the simulation time step. On the one hand,
ANSYS Simplorer sees in each simulation time step the FE motor windings in each phase as
a Thevenin equivalent circuit with a specific voltage-source, a resistance and an inductance.

MACHINE STAR POINT & ARTIFICIAL STAR POINT MEASUREMENT

R, = 470|kOhms

C-Model Block

Two-level [inverter

=R =470 kOhms

sel o sel o el o
Ll ) ZIS I . Ztg Ll Zﬁ R = 14.69 Ohms == MAXWELL 2D FE MODEL
R,= 14.69 Ohms mir;
RL% 14.69 Ohms ./w,\,‘;;
L ﬁj C‘f + v @\ /\ . -

= 4 J=0.07 kgm} yechanicaL DYNAMICS

T,,.4.=0.1Nm
SES

Figure 11. Sensorless speed control with field oriented control and SVM-based DFC measurement

sequence, Simplorer-Maxwell co-simulation model.

On the other hand, ANSYS Maxwell sees each phase of the Simplorer circuit as a
Norton equivalent circuit with a specified source-current and an admittance. In the me-
chanical physical domain, the mechanical torque is set by Maxwell to Simplorer. Moreover,
the co-simulation approach updates automatically the values for the windings self and
mutual inductances after each time step depending on the rotor position. The inductances’
value automatic update is carried out by ANSYS Maxwell as follows: after each time step,
the permeabilities in each of the FE model’s elements are frozen. Then, a current of 1 A
is applied in each winding, one at a time, while currents on the other windings are zero.
For the applied current, each winding flux linkage is calculated for the model’s given
position, and, afterwards, the values for the self and mutual inductances are recalculated
for the equivalent circuit seen by Simplorer. Furthermore, Table 3 shows the parameters for
the power electronic circuit, SVM-based DFC pulse pattern generation, speed controller,
and current controllers used for the simulation validation.

Table 3. Sensorless speed control with DFC—Simulation parameters.

Parameter Value Description
Inverter parameters
UDC 565V DC-Link voltage
Frwm 10 kHz Inverter switching frequency
Tpwm 100 ps PWM Switching period
DFC parameters
TpreDelay 2 us DFC Pre-delay time
TpostDelay 2 us DEFC Post-delay time
Mechanical parameters
J 0.07 kg - m? Total moment of inertia
WRSESM Electrical Parameters
Lq 0.3957 H d-Axis Inductance

Lq 0.1511 H q-Axis Inductance
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Table 3. Cont.

Parameter Value Description
Ra =Ry =Rc 14.62 Ohms Stator’s winding resistor
L¢ 29H WRSESM Rotor self-inductance
It 04A Rotor self-inductance
Y=L It 1.16 Vs Rotor flux linkage
Current controller d-Axis
Kp_currentd 98.93V/A Proportional gain
KrCurrentd 3655 (Vs)/(A) Integral gain
BW currentd 250 Hz Closed loop bandwidth
Current controller g-Axis
Kp_Curremq 7238 V/A Proportional gain
Kl-Currentq 7000 (Vs)/(A) Integral gain
BWCurrentq 500 Hz Closed loop bandwidth
Speed controller
LPF . 50 Hz Low Pass Filter (LPF)
cut-off frequency
KP_Speed 0.5 A/(rad/s) Proportional gain
Kispeed 0.0050 A /rad Integral gain
BWspeed 5Hz Closed loop bandwidth
Solver
Tsim 1 ps Simulation Time-step

5.1. Comparison: SVM-Based DFC and SPWM-Based DFC

In order to compare the performance of the proposed SVM-based DFC sequence
described in Section 2.3 with the original DFC measurement sequence proposed in [27],
the model in Figure 11 was simulated using the parameters described in Table 3. For this
comparison, we set a speed reference of 1500 RPM for the synchronous machine. On this
basis, the rotor position estimated by both methods when the machine reaches its steady
state speed of 1500 RPM can be seen in Figure 12. It turns out that the Root Mean Square
(RMS) of the position estimation error values is taken as a statistical measure to compare
both DFC measurement sequences. Furthermore, Figure 12 shows that, at a speed of
1500 RPM, the modified DFC-based space modulation sequence reaches an RMS error
in the rotor position estimation of 11.78°, whereas the original measurement DFC based
on SPWM exhibits an RMS error of 28.91° on the rotor position estimation. The DFC
measurement sequence based on SVM, which extracts all the DFC flux linkage signals
with the same offset and the one proposed in this article, outperforms the original DFC
measurement sequence based on SPWM, which extracts the DFC flux linkage signals
with a different offset. The latter has already been discussed in Section 2.2 and can be
verified resorting to Equations (13)—(15) for the SVM-based DFC measurement sequence,
and Equations (16)—(18) for the SPWM-based DFC measurement sequence.

5.2. Sensorless Field Oriented Control with SVM-Based DFC for High Speed Reference

Two additional simulations are carried out using the model depicted in Figure 11
using the DFC method to estimate the rotor position and to calculate the rotor’s speed.
Of course, one of the advantages of the high-fidelity FE model connected to Simplorer
is that we can evaluate the real position and the real speed of the synchronous machine
during the simulation. This information can be compared with the DFC generated signals
in order to evaluate the performance of the sensorless control field oriented control with
DFC. Furthermore, in the second simulation, we have set the speed reference equal to
1200 RPM at f = 0 ms and a load torque step from T1y,q = 0 Nm to Tpyq = 0.1 Nm at
t = 50 ms. In this regard, Figure 13 shows the simulation results of the speed control where
the real speed of the machine is depicted together with the speed reference. For the same
simulation, Figure 14 shows the speed calculated based on the proposed DFC method
against the real speed of the machine. From Figure 13, it can be seen that the real speed of
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the machine matches the reference of 1200 RPM approximately at t = 130 ms. On the other
hand, Figure 14 shows that the speed calculated based on the DFC estimated rotor position
signal follows the real speed of the machine reasonably well. From the figure, it can be seen
that the speed calculated according to the proposed DFC method deviates 10% from the
real speed of the machine. Moreover, the DFC flux linkage signals calculated according
to (13)—(15) during this second simulation can be seen in Figure 15.

DFC measurement sequence based on Sinusoidal Pulse Width Modulation (SPWM)
400 T T T T T T T

RMS ERROR: 28.91°

0 i 1 L 1 L | Ll i
0 5 10 15 25 30 35 40

20
Time (ms)

DFC measurement sequence based on Space Vector Modulation (SVM)
400 TTT T T T T T T T TT

RMS ERROR: 11.78°

0 i 1 L 1 L | Ll i
0 5 10 15 20 25 30 35 40

Time (ms)

Electrical rotor position (°) Electrical rotor position (°)

Figure 12. Rotor position estimation, comparison between DFC measurement sequence based on
SPWM (Figure 2) and DFC based on SVM (see Figure 5).

1600 :
— Reference speed
1400} — Real speed

50 100 150
Time (ms)

Figure 13. Sensorless speed control for 1200 RPM, speed reference and real speed of the machine.

During the acceleration phase, between t = 0 ms and t = 50 ms, it can be seen that
the DFC flux linkage signals have a very low frequency due to the fact that the rotor is
accelerating from standstill. Furthermore, it can inferred that the three DFC flux linkage
signals always add to zero at any instant of time. Based on those DFC flux linkage signals,
the estimated rotor position has been computed according to (32), and it can be seen in
Figure 16. In addition, in the figure, the real electrical angle of the rotor is depicted for
evaluation purposes. From the figure, it can be seen that the estimated electrical position
closely follows the real rotor electrical position, especially after t = 75 ms. Clearly, there
are certain ripples or oscillations on the estimated rotor position that are inherent to
the frequencies involved in the DFC flux linkage signals, with a prominent second and
fourth harmonic components of the speed of the machine. The latter was explained in
detail by Mantala in [30]. Next, Figure 17 shows the three-phase currents supplied by the
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inverter to the synchronous motor in the stationary frame. In fact, the frequency of the
supplied currents increases as the machine’s rotor accelerates from standstill as is expected.
It should be noticed that the shape of the supplied currents follows a sinusoidal shape,
although the estimated rotor position deviates a little from the real rotor position. Moreover,
the synchronous motor’s currents transformed to the rotating reference frame can be seen
for the direct (d-axis) and for the quadrature axis (q-axis) in Figures 18 and 19 respectively.

1600

— Real speéd
1400} — Speed calculated by DFC

= 1200}
E 1000
s
~ 800}
T
8. 600}
wnn  400f

200}

0 50 100 150

Time (ms)

Figure 14. Sensorless speed control for 1200 RPM, real speed of the machine and speed calculated
by DFC.
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Figure 15. Sensorless speed control for 1200 RPM, DFC flux linkage signals.

Obviously, we can see in Figure 18 that the measured current iy deviates a little from
its zero reference at the beginning of the simulation. The latter is due to the fact that, at
the beginning of the simulation, the deviation between the rotor estimated position and
the real rotor position is large. After ¢ = 50 ms, the DFC outputted rotor position better
approaches the real rotor position, and thus the d-axis currents remain closer to its zero
reference as expected due to the action of the d-axis current controller. Finally, it is possible
to see in Figure 19 that iq is proportional to the torque produced by the synchronous motor,
which is depicted in Figure 20. Notice that, at f = 50 ms, there is a small deviation on the
g-axis current and in the motor’s torque due to the effect of the load torque at the shaft of
the synchronous machine. Altogether, it can be seen that the proposed sequence is effective
to perform sensorless speed control with field oriented control at high speeds—for this last
simulation, at a speed of 80% of the nominal speed of the synchronous machine.
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Figure 16. Sensorless speed control for 1200 RPM, real electrical rotor position and DFC estimated
rotor position.
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Figure 17. Sensorless speed control for 1200 RPM, stator three-phase currents.
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Figure 18. Sensorless speed control for 1200 RPM, current on the d-axis.
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Figure 19. Sensorless speed control for 1200 RPM, current on the g-axis.
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Figure 20. Sensorless speed control for 1200 RPM, torque produced by the synchronous motor.

5.3. Sensorless Field Oriented Control with SVM-Based DFC for Low Speed Reference

The third simulation performed in this paper is carried out at a low speed. Specif-
ically, we have set the reference for the second simulation as 100 RPM from t = 0 s to
t = 200 ms. Moreover, for the simulation at low speed, the load torque was kept constant at
T1oad = 0.1 Nm during the entire simulation time span. In effect, Figure 21 shows the refer-
ence speed for this third simulation and the real speed of the machine obtained from the
FE model. In simple terms, Figure 21 is analogous to Figure 13 but for a reference speed of
100 RPM. On the same note, Figure 22 shows the real speed and the speed calculated based
on DFC signals for the same simulation. Once again, Figure 22 is analogous to Figure 14 in
the previous simulation. Although the speed calculated by DFC deviates in Figure 22 a
little bit from the real speed of the machine, the average value of the DFC calculated speed
matches the real speed of the machine. Putting it simply, on average, the sensorless speed
control loop follows the reference of 100 RPM. The latter can be improved, adjusting the
cutoff frequency of the low pass filter within the speed control loop.

Furthermore, for the third simulation, Figure 23 shows the extracted DFC flux linkage
signals for the experiment with a speed reference of 100 RPM. It can be seen that the
amplitude of the DFC flux linkage signals reaches 20 V. In addition, as in the previous
simulation, the DFC flux linkage signals sum to zero at any moment in time. From these
DEFC flux linkage signals, the rotor position can be estimated for the low speed simulation.
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In fact, the estimated rotor position for this third simulation can be seen in Figure 24. In the
same figure, once again, the real position is also plotted to evaluate the performance of the
DFC outputted rotor position. From the figure, it can be inferred that the DFC estimated
rotor position follows the real rotor electrical position reasonably well.
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Figure 21. Sensorless speed control for 100 RPM, speed reference and real speed of the machine.

300

— Real speed
250! — Speed calculated by DFC
= 900l
5, 200
A~
~ 150} 1
g
$ 100
A \/ \f
N
o0f 1
0

50 100 150 200
Time (ms)

Figure 22. Sensorless speed control for 100 RPM, real speed of the machine and speed calculated
by DFC.

Finally, for this low speed simulation, Figure 25 is analogous to Figure 17 and shows
the three-phase currents supplied to the synchronous motor in the stationary frame. Clearly,
after the transients to accelerate the rotor, the currents falls to almost a value of zero due to
the fact that the load torque is small (only 0.1 Nm). Conversely, Figures 26 and 27 show
the currents supplied to the synchronous motor in the rotating reference frame using the
rotor position obtained through the DFC method to perform the transformation. Similar to
the second simulation, Figure 26 shows the behavior of the current on the d-axis which is
regulated to zero amperes. In this case, the are no large deviations from the zero reference
because, at low speeds, the DFC outputted rotor position is always very close to the real
rotor position. On the other hand, Figure 27 shows the current on the g-axis supplied to the
motor. Obviously, this current is directly proportional to the electromagnetic torque that
is generated by the synchronous motor. The latter can be verified by inspecting Figure 28
which shows the torque produced by the synchronous motor for this third simulation.
Additionally, in Figure 28, we can see the positive torque to accelerate the rotor from
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standstill to 100 RPM, approximately from f = 0 s to = 50 ms. On the whole, the simulation
results presented in Figures 21-28 show that the proposed SVM-based DFC measurement
sequence is also effective to drive the synchronous motor at low speeds—specifically for
this simulation at a speed of 6.6% of the synchronous motor’s nominal speed.
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Figure 23. Sensorless speed control for 100 RPM, DFC flux linkage signals.
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Figure 24. Sensorless speed control for 100 RPM, real electrical rotor position and DFC estimated
rotor position.
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Figure 25. Sensorless speed control for 100 RPM, stator currents in stationary frame.
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Figure 26. Sensorless speed control for 100 RPM, current on the d-axis.
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Figure 27. Sensorless speed control for 100 RPM, current on the g-axis.
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Figure 28. Sensorless speed control for 100 RPM, synchronous motor’s generated torque.

6. Conclusions

This paper has walked through sensorless speed control with field oriented control
for synchronous motors using a SVM-based Direct Flux Control measurement sequence.
In particular, in this paper we have used the Direct Flux Control method to obtain the
rotor electrical position needed to perform field oriented control. In addition, the rotor
position obtained by DFC is also utilized to calculate the actual rotor speed and close
the sensorless speed control loop. In contrast with previous work, in this paper we have
combined the Direct flux method with space vector modulation within the field oriented
control scheme. To this end, we have performed an analysis of the voltage Vyan for each
of the eight standard voltage vectors that can be applied to a synchronous motor using
a two-level inverter. Recall that the Vyan voltage is the key signal to calculate the DFC
flux linkage signals. It is from those DFC flux linkage signals that the rotor position can
be finally estimated. Moreover, after the analysis of the VnaNn response to each of the
standard vectors, we have proposed a SVM-based DFC measurement sequence. Actually,
the SVM-based DFC measurement sequence consists of four modulation switching periods.
In the first period, a conventional alternated direct inverse SVM pulse pattern is generated.
From this first pulse pattern, the time-average phase currents (i.e., phase currents without
ripple) can be measured and used as feedback signals in the inner current controllers. Next,
three pulse patterns with a duration of one switching period each are generated holding the
phase pulse duration constant as in the first switching period. However, the phase pulses
are shifted in these last three switching periods in such a way that the three DFC flux linkage

signals can be extracted with an offset of ZZ}% Extracting all the DFC flux linkage signals
with the same offset is very advantageous because the rotor position estimation accuracy is
improved. Furthermore, this paper has shown the sensorless speed control structure for a
synchronous motor that uses the SVM-based DFC measurement sequence. This sensorless
speed control structure has been validated through computer simulation. The simulation
is made possible by a coupling simulation between an FE model of the motor created in
ANSYS Maxwell and a power electronics circuit created in ANSYS Simplorer. Furthermore,
using the Simplorer-Maxwell co-simulation, the sensorless speed control structure based
on SVM and DFC has been tested for two cases. First, a test was carried out with a reference
speed of 1200 RPM (i.e., 80% of the machine nominal speed) which can be considered as a
high speed setpoint for a four-pole machine. In the second case, we have set a reference
speed equal to 100 RPM (i.e., 6.6% of the machine nominal speed), namely a low speed
reference, to the machine. Altogether, the simulation results have shown that, in both cases,
the proposed DFC algorithm was able to estimate the rotor electrical position reasonably
well. Additionally, the proposed sensorless speed control scheme proposed was also able to
command the synchronous motor rotor’s speed close to the speed reference at high and low
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speeds. Finally, and due to the large amount of time needed to perform simulations with
the FE’s model, future work will address the performance of the proposed control scheme
at other operating points (e.g., different load conditions and other reference speeds).
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Abbreviations

The following abbreviations are used in this manuscript:

DFC Direct Flux Control

SVM Space Vector Modulation

SM Synchronous Machines

PMSM  Permanent Magnet Synchronous Machines
PWM Pulse Width Modulation

SPWM  Sinusoidal Pulse Width Modulation

EMI Electromagnetic Interference
FEM Finite Element Model
FE Finite Element

Appendix A. Machine’s Star Voltage Equation

This appendix shows the detailed derivation of the equation for the machine star
voltage V based on the phase voltage equations of the machine in the reference frame. It
turns out that (3) to (5) can be further expanded as:

di, dLy diy, dL,p di. dL ¥y,
va—Raza+Lad +ia—t —I—LbaE—l—z = +Lacd +ic d;“+ dt”+VN. (A1)
. di, . dL di dL dic . dL a¥.p
Op = Rpip + Lab 3 +ia d:b + Ly d;’ +ip dtb + Lo +ic dfc + 2 VN (A2)
di, dLac diy, ALy dic . dL. d¥:c
Rc1c+Lacd +ia ar +Lbc ar +1ip it +LCE Jrlcﬁ at (A3)
Equations (A1) to (A3) can be rearranged as (A4) to (A6).
. . . . . d¥
dia _ 00— Raia — ia G — Loa'gP —in" it e T4 (A4)
dt La
. . . dL, . dL . dL
di, Vb — Roip — Lap % — ia 2> — iy g — Lpc ¢ — ic =< +° dt ®+ VN
b _ (A5)
dt Lb
) . . di . dL . 4y
di. _ Oc— Reic — Lac GZ? —la dﬁ?c - Lbc - — I dl;C - lcdstC rc VN (A6)

dt Lc
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Under the condition that the sum of the phase current derivatives is zero, in other words:

% dip, dic
dt dr ' dt
Replacing (A4)—(A6) in (A7) leads to:

=0. (A7)

R
111, BAEREE AR
WG+ +t)=71 1 T —
a b C Ia + — + T ra + E + fc
. di; dL
la dsta + Lpa dl}g) +1ip, d?b + Lac dic +ic dLaC
~ L 5
a
Lap dta + 1a b + lb dt + Loe g die + lc d (A8)
~ . )
b
dL;
(Lac At +ladLaC +Lbc dt +ibg & —HCdLC )—
L¢

d¥ra d‘Pr,b d¥rc

T at ar
P T

From the last equation, the voltage at the star point of the machine can be obtained as:

g byt g&+ﬁm¢&
VN =
La + + Lc La + - + Lc
d¥r,a ”Nr,b d¥r,c
dt dt dt
Ia T Lb + 1
La + + LC
. di, dL
(Ia dt +Lba d? +lb dtb +Lac IC +ic aC )
_ Ia (A9)

1 1
Lati, tie

. dL . dL di dL,
(latha""LbaTltj""ldeiatb""LaC ar tieh* )
_ a
La + + LC
(Lac dla +ia dLaC +LbC d? +1b d]? +ic dLC )
Lc

1 1
Lt T

Appendix B. Finite Element Model (FEM) Synchronous Machine Data

STATOR DATA
Number of Stator Slots: 36
Outer Diameter of Stator (mm): 135
Inner Diameter of Stator (mm): 90
Type of Stator Slot: 4
Dimension of Stator Slot
hsO (mm): 0.62
hsl (mm): 0
hs2 (mm): 11.5
bs0 (mm): 2.3
bsl (mm): 4.16538
bs2 (mm): 6.17762
rs (mm): 1.2
Top Tooth Width (mm): 3.79681
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Bottom Tooth Width (mm): 3.7917
Number of Sectors per Lamination: 1
Skew Width (slots): 0

Length of Stator Core (mm): 200
Stacking Factor of Stator Core: 0.96
Type of Steel: M800 50A

Press board thickness (mm): 0
Magnetic press board No

Number of Air Ducts: 0

Width of Air Ducts (mm): 0

STATOR-WINDING DATA
End Length Adjustment (mm): 5
End-Coil Clearance (mm): 3
Number of Parallel Branches: 1
Type of Coils: 20
Coil Pitch: 1
Number of Conductors per Slot: 70
Number of Wires per Conductor: 1
Wire Diameter (mm): 0.633
Wire Wrap Thickness (mm): 0
Wedge Thickness (mm): 1
Slot Liner Thickness (mm): 0.4
Layer Insulation (mm): 0.5
Net Slot Area (mm?): 44.2774
Slot Fill Factor (%): 63.3466
Limited Slot Fill Factor (%): 75
Stator Winding Factor: 0.901912

ROTOR DATA
Minimum Air Gap (mm): 0.7
Inner Diameter (mm): 30
Length of Rotor (mm): 111
Stacking Factor of Iron Core: 1
Type of Steel: steel ST37
Polar Arc Offset (mm): 5
Ratio of Max. to Min. Air Gap: 2.46436
Mechanical Pole Embrace: 0.784201
Pole-Shoe Width (mm): 50
Pole-Shoe Height (mm): 9.1
Pole-Body Width (mm): 20
Pole-Body Height (mm): 20
Second Air Gap (mm): 0
Magnetic Shaft: Yes

FIELD-WINDING DATA
Number of Parallel Branches: 1
Winding Type: Round-Wire Coil
Wire Diameter (mm): 0.355
Number of Wires: 1
Number of Turns per Pole: 1250
Wire Wrap Thickness (mm): 0
Under-Pole-Shoe Insulation (mm): 0.5
Pole-Body-Side Insulation (mm): 0.3
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Winding Control Width (mm): 14.5464
Winding Control Height (mm): 19
Clearance between Windings (mm): 0.5
Inside Corner Radius (mm): 6

End Core-Coil Clearance (mm): 0

MATERIAL CONSUMPTION
Armature Copper Density (kg/m?): 8900
Field Copper Density (kg/m?): 8900
Damper Bar Material Density (kg/m3): 2700
Damper Ring Material Density (kg/m?3): 2700
Armature Core Steel Density (kg/m?): 7800
Rotor Core Steel Density (kg/m?3): 7872
Armature Copper Weight (kg): 1.5855
Field Copper Weight (kg): 1.39334
Damper Bar Material Weight (kg): 0
Damper Ring Material Weight (kg): 0
Armature Core Steel Weight (kg): 8.25956
Rotor Core Steel Weight (kg): 1.85934
Total Net Weight (kg): 13.0977

Armature Core Steel Consumption (kg): 28.5203

Rotor Core Steel Consumption (kg): 7.3316

WINDING ARRANGEMENT
Average coil pitch is: 7
Angle per slot (elec. degrees): 20
Phase-A axis (elec. degrees): 90
First slot center (elec. degrees): 0
Maximum number of layers: 39
Maximum number of turns per layer: 50

TRANSIENT FEA INPUT DATA
For Armature Winding:
Number of Turns: 420
Parallel Branches: 1
Terminal Resistance (ohm): 14.6902
End Leakage Inductance (H): 0.000617567
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