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Abstract: Many applications such as robotics require the angular position control of the motor
shaft. Permanent magnet synchronous motor (PMSM) is suitable for the development of
servomechanisms. On the other hand, frequency division multiplexing (FDM) allows simplifying
the data acquisition system (DAQ) in vector control when a resolver sensor is used as angular
position transducer. This paper shows the application of FDM and synchronous current sampling
in the position control of PMSM. The resolver signals and the PWM carrier are synchronized
to make easier the estimation of the fundamental component of the stator currents. Any
multiplexing process produces an interference between the signals to be sent to the receiver.
In the case of motor drive, the receiver is the motor drive DAQ. However, the tests performed
in this paper show that the effect of that interference is negligible. Thus, FDM can be used in

position control of PMSM.
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1. INTRODUCTION

Many applications such as robotics, antennas and CNCs
require robust and accurate position control of the motor
shaft. The accuracy of the position control depends on the
control strategy, the motor characteristics and the sensors
used to measure the angular position of the motor shaft.
Nowadays, many researches propose the use of induc-
tion motors and permanent magnet synchronous motors
(PMSM), instead of DC motors, in the development of
servomechanism (Caruso et al., 2020; Tapia-Olvera et al.,
2024; Xu et al., 2023; Wang et al., 2023).

Techniques for position control include the use of sta-
tor flux oriented vector control, improved pole placement
techniques fractional-order controllers, sliding motor con-
troller, Fuzzy systems, predictive controllers , among oth-
ers (Caruso et al., 2020; Tapia-Olvera et al., 2024; Xu et al.,
2023; Wang et al., 2023). PMSM is suitable for servomech-
anisms as this motor has simpler model, less torque ripple
and better energy consumption than induction motors.
Closed-loop vector control techniques require sensing, at
least, two stator current.

Encoders and resolvers are the most used angular position
sensors in industry. Encoders have simpler structure and
are cheaper than resolvers. However, resolvers resist more
temperature, dust, shock and vibration than encoders
(Tootoonchian, 2018; Wang and Wu, 2019; Bahari and
Tootoonchian, 2023). Thus, resolver gives a robust angular
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measurement under harsh condition operation. Resolver
receives a high-frequency excitation voltage and produces
two amplitude-modulated sinusoidal outputs whose en-
velopes have information about the angular position. As
a result, the data acquisition system (DAQ) of a motor
drives must digitize two current signals and two resolver
outputs, to perform closed-loop vector control when a
resolver is applied as angle sensor. The angular position
is not just the variable to be controlled, but this signal is
also required to perform Park transformation, which is an
important foundation in vector control.

Multiplexing allows sending signals from different sources
to the receiver through a single channel, being possible for
the receiver to recover the data (demultiplexing). Many
DAQs use analog-to-digital converters (ADCs) integrated
to a time-division multiplexing (TDM) system. In TDM,
the signals are connected to the input channels of an analog
switch. These signals are sent sequentially to a single ADC
in different instants of time, according to a synchronization
system.

However, as the signals are processed sequentially, then a
signal in a channel will be processed again by the analog-
to-digital converter (ADC) of the DAQ only after the other
signals are also processed by the circuit. That means, the
higher the number of signals to be multiplexed, the higher
the sampling period of a signal (Garcia et al., 2017).

On the other hand, frequency division multiplexing (FDM)
allows simplifying the structure of a DAQ when a resolver
sensor is applied in vector control (Cordero et al., 2023;
Garcia et al., 2021; Caruso et al., 2020). The spectra of
the resolver outputs and the stator currents are located in
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non-overlapped frequency bands when the resolver excita-
tion voltage and the switching frequency of the inverter
used to control the motor are selected properly. Thus, a
resolver output and a stator current sensor output can be
multiplexed in frequency by combining them through an
analog adder. FDM has important advantages over TDM
(Garcia et al., 2017):

e FDM does not need the synchronization system used
in TDM to sent the signals to the ADCs.

e Signals in FDM are digitized simultaneously. Hence,
each signal is sampled in FDM faster than in TDM.

e The adder used in FDM is simpler and cheaper than
the analog switch used in TDM. Thus, the complexity
of the DAQ is reduced when FDM is applied in data
acquistion.

The main problem in using FDM is the demultiplexing pro-
cess to recover the original data. Low-pass and band-pass
filters are commonly applied in demultiplexing. However,
filtering adds delays into the current signals (and, thus,
into the estimated angular position) that may affect the
motor drive performance (Garcia et al., 2017). In Garcia
et al. (2021), the resolver excitation frequency is half the
inverter switching frequency. Thus, synchronous current
sampling can be applied to get estimation of the funda-
mental components of the stator current. The estimated
stator currents are used to get the resolver outputs. An
angle tracking observer (ATO) uses the estimated resolver
outputs to get the angular position. However, it is impos-
sible to avoid a steady-state interference. In Garcia et al.
(2021) it is shown the angle estimation error but no test
in closed-loop vector control was performed.

This paper show the effect of the application of the
FDM approach in Garcia et al. (2021) in the position
control of a PMSM. Synchronous sampling is used to
get the fundamental components of the stator current
from the signal send to the DAQ. The estimated angular
position from the ATO is used to perform the Park
transformation used in vector control and to get the error
in the angular position control. Simulation tests show that
the interference produced by the multiplexing process has
negligible effect in the angular position control of PMSM.

2. THEORETICAL FOUNDATIONS
2.1 Model of PMSM

Park transformation allows representing three-phase vari-

ables (e.g., three-phase voltages, currents or fluxes) [f, fp fo|T

in a rotating orthogonal dq reference frame:

sin(d) sin | 0 — 2% sin | § + 2%
fd 2 fa
2 2
[fq] =3 cos(d) cos |6 — ?ﬁ cos | 0+ g [fb]7
fO 1 1 1 c
2 2

Park matrix

where
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o fyand f,: variables (e.g., voltages or currents) defined
in the dq reference frame.

e fo: zero-component. This variable becomes zero in
balanced systems.

e §: angle of the dg reference system.

In vector control of PMSM:
§ =nb, (2)
where n is the number of pole pairs and 6 is the angular

position. The dg model of PMSM is defined by the follow-
ing equations (Preindl and Bolognani, 2013):

d
Vg = Tslq + ldﬁ — NWmlglq, (3)

di .
qdf: + nwi (laia + dm), (4)
tm = 1.50[(lg — 1y)idiq + dmigl, (5)
dw,
_— D m — tm -1 oaas
J o + Dwy, load (6)

Vg = Tslg + 1

where

rs: stator resistance.

lg,ly: the dg-axis inductances.
n: number of pole pairs.

J: rotor inertia.

D: coefficient of friction.

¢m: equivalent magnet of fluxes.
Vg, Vq: dg-axis stator voltages.
14,1q: dg-axis stator currents.
wy: mechanical speed

tm: electromagnetic torque.
tioaq: load torque.

2.2 Model of Resolver and Stator Currents

Fig. 1 illustrates the structure of a resolver. It is an angular
position transducer that receives the excitation voltage
ve(t) described in (7). This sensor is coupled to the motor
shaft. The excitation voltage and the shaft rotation induce
two outputs, vs(t) and v.(t) (Tootoonchian, 2018; Wang
and Wu, 2019; Bahari and Tootoonchian, 2023):

Ve(t) = ae cos(wet), we = 27 fe, (7)
vs(t) = kyp sin(0)ve(t), (8)
Ve(t) = Ky cos(0)ve(t), 9)
where
e f.: resolver excitation frequency.
e a.: excitation amplitude.
e k,: transformation ratio.
e (: shaft angle.
Excitation *
Resol
signal esorver g v(®)
) Outputs
° I 0 of the
ve(!) | | d’kp—\ — resolver
- e
_ ve(t) ‘_]
—e

Motor lv @

Figure 1. Resolver sensor.
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The resolver outputs are high-frequency signals whose
spectra is narrow and centered at f. (Garcia et al., 2017).

On the other hand, let consider that the inverter used to
give energy to the motor is controlled through a modu-
lation technique with constant switching frequency fs.
(e.g. sinusoidal PWM or space vector PWM). In that case,
the spectra of the stator currents are mainly located at
fundamental frequency (fp) and near to integer multiples
of fsw (Garcia et al., 2021).

Fig. 2 illustrates the spectra of a resolver output and a
stator sensor. Observe that these signals occupy different
frequency regions.
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Figure 2. Spectra of resolver output and stator current.

2.8 FDM in Motor Drive Data Acquisition

The application of FDM in vector control is shown in Fig.
3. Let s;4(t), sip(t), svs(t) and s,(t) be the outputs from
the stator current and the resolver after being conditioned.
It is proved in Garcia et al. (2021) that s;,(t) and s,s(¢)

T T T
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Current harmonics near to
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-100
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-150 L

1
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Frequency (kHz)

Figure 4. Spectrum of sy(t).

The signals s (t) and s2(t) are send to the data acquisition
system of the motor drive. Fig. 4 illustrates the spectrum
of s1(t). Observe that the resolver output and the stator
current occupy different frequency regions. This fact allows
applying FDM to sent these signals simultaneously to the
same analog-to-digital conversion channel.

3. APPLICATION OF FDM IN POSITION CONTROL
OF PMSM

Let assume that a motor is fed by an inverter controlled
through a PWM technique with constant switching fre-
quency. Let t; be the instants when the PWM carrier
reaches its valleys. In Garcia et al. (2021), as shown in
Fig. 5, the resolver excitation and the PWM carrier are
synchronized for the resolver outputs become zero at in-
stants t;, i.e., sys(t;) = suc(t;) = 0. Hence, according to
(10) and (11):

s1(ti) = sia(ti) + sus(t) = sia(ti),

——
0

S2(ti) = sip(ti) + Sve(t) = sin(ts).
0

(12)

(13)

Furthermore, current synchronous sampling technique
states that the current samples acquires at the PWM
carrier valleys, i.e., $;4(t;) and s;(t;), represent the fun-
damental components of the stator currents. Thus, the
fundamental current signals i,4(t) and 4p4(t), obtained
through synchronous current sampling, are:

will have non-overlapping spectra if fy, = 2f.. Thus, ac- Gad(t) = s1(ti), ti <t <tiq, (14)
cording to FDM theory, those signals can be multiplexed in ipa(t) = sa(ty), t; <t <tj_1. (15)
frequency-domain by combining them through an analog
gdder. The signals s;;(t) and s, (t) can also be multiplexed A Resolver period: 1/f, =2, —» PWM
in that way. As a result, two new signals s1(¢) and sa(t) /_ Carrier
are created (Garcfa et al., 2021): -
51(8) = sia(t) + 50s(8), (10) [T 5ul0)
s2(t) = sip(t) + Spe(t). (11) 0 >t
Sialt
- _ — (1)
(e 1-bT] [ =
» — i(t) § sial(0) | |4 0 R .§ § 0 >t Fundamental
o(f) —> 5 |5 ()| L s Sample of s,(7) /RQS\KL)\ conllopo(n;ant
= L P op [Svs 20} of i (¢
Q V E '5' v.\'(t) S 8 i) O | £ k 4—/ a
=1 7] —i v v H '
2 E > & » .§ > ) § O\w/ - >t
'E' 0 A 6 vc(t) 'g svu(t) — ! E S E ;
— 3 4 s | @38 ____.¢._____¢_<—t
e T .. a = o
in(t) — FDM ti1 t; t iy
Figure 5. Estimation of a stator current through syn-
Figure 3. Application of FDM in vector control. chronous current sampling.
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Many control techniques use only the fundamental compo-
nents as the presence of current harmonics in the current
control loop may affect the torque control performance
(Garcfa et al., 2021). The signals i,4(t) and ipq(t) are used
to obtain the dg currents used in vector control, applying
(1) and considering that i.q(t) = —[iaa(t) + ipa(t)].

Fig. 6 explains the angle estimation technique proposed
in Garcfa et al. (2021), which is used in this paper. The
signals i,4(t) and ip4(t) are used to get estimations of the
resolver outputs:

Vse(t) =81(t) — iqa(t) (16)
=Sus (t) + [Sia (t) - Sia(ti)]
=584u5(t) + 7ro(t),
Vee (t) =52(t) — ipal(t) (17)
=Sve(t) + [sin(t) — sin(ti)]
=584c(t) + 7p(t),
where
Ta (t) :Sia(t) — Sia (tl)a (18)
rp(t) =sip(t) — sip(ts)- (19)

The signals vse(t) and v..(t) are sent to an angle track-
ing observer (ATO) in Fig. 6. The ATO calculates
the estimated angular position (6.) and rejects the in-
terference produced by the terms [s;,(t) — $;0(t;)] and
[sip(t) — sip(t;)] in the angle estimation. Let 6. be the
estimated angle. The signal ¢(¢) in Fig. 6 is:

g(t) =[svs(t) cos(0e) — Spe(t) sin(fe)]ve (t).

Applying trigonometric properties, (20) can be rewritten
as follows:

(20)

g(t) =sus(t) cos(be) — Spe(t) sin(be). (21)
=5y5(t) cos(0c)ve(t) + 14 (t) cos(0e)ve(t)

— Sue(t) sin(0c Jve (1) — 73(t) sin(fe)ve(t)

=0.5k,a2[1 + cos(2w,t)]sin(6 — 6,.) + p(t)

~0.5kqa’eq + 0.5k.a? cos(2w.t)]eg + p(t),

where

sin(f —0,) ~ ey =0 —0,, (22)
p(t) = ra(t) cos(0ec)ve(t) — rp(t) sin(fe)ve(t), (23)

being p(t) the interference of the current signals in the
angle estimation due to multiplexing. The ATO in Fig. 6
rejects the effect of p(t) and 0.5k.a2 cos(2w.t)eq. Thus, the
estimated angle is calculated in function of eg. This ATO is
a type-II system (has two embedded integrators) (Garcia
et al., 2021).

Fig. 7 shows the position control system using the FDM
system proposed in this paper. It consists in a position

s1(6)
iac/(l)
ve(t)

) =
52([) + Vcs(t)

Figure 6. ATO described in Garcia et al. (2021).
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Figure 7. Position control of PMSM using FDM.

control loop that define the g-axis current reference (igrcy).
The d-axis current reference (igres) is zero as the motor
speed will be less than its nominal speed. Two current
control loops define the dq voltage references required
to control the motor. A sinusoidal modulation technique
allows defining the switching states of the inverter to get
the required three-phase voltages. PI regulators. tuned by
a trial-and-error process, are used in the control loops (the
control performance is beyond the objective of this work).

4. RESULT

Simulations were done in MATLAB/Simulink. The simu-
lation parameters are listed in Table 1. The PMSM (300
RPM, 0.8 Nm, 300 Vdc) is controlled by a two-level three
phase inverter with a switching frequency of f,,=10 kHz
and a DC bus of 300 V. A step from 0.2 N.m to 0.4 Nm
at t = 1.2s represents the load torque.

Fig. 8 shows the angular position error obtained by the
ATO. The steady-state error tends to zero. The main angle
estimation error peak at t= 1.2s is produced by the current
magnitude variation (generated by the load torque step)
that interferes the angle estimation. However, the peak is
small and is rejected.

Fig. 9 shows the PMSM angular position obtained through
vector control and the dg-axis currents. Vector control
allows tracking the position reference and reject the load
perturbation. The d-axis current tends to zero (as desired)
and load perturbation is rejected. Hence, the interference
of the signals in FDM does not affect significantly the vec-

Table 1. Simulation Parameters

Parameters Values
Resistance (rs) 18.7 Q
dq inductance (Lg = Lq) 0.0268 H
Equivalent flux of magnets (¢m ) 0.17 Wb

Inertia (J) 2.26 x 107° kg.m?

Friction (D) 1.35 x 107® N.m.s

Number of pole pairs (n) 2

Resolver excitation amplitude (ae 1 V (normalized)

1 (normalized)

Resolver excitation frequency (fe 5 kHz

(ae)

Resolver transformation ratio (k)
(fe)

)

Inverter switching frequency (fsw 10 kHz

ATO Gains ko = 640, k; = 7.57 x 105,

ko = 5.90 x 107

PI of speed control loop kp = 3, k; = 30,

PI of d-axis current control loop

kep = 20, k; = 360,

PI of g-axis current control loop

kp = 20, k; = 360,
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Figure 8. Angle estimation error obtained with the ATO.
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tor control performance. Thus, FDM can be successfully
applied in the acquisition of the signals from the current
sensors and resolver, in order to perform vector position
control.

5. CONCLUSION

This paper shows the application of the FDM approach
in Garcfa et al. (2021) in position control of PMSM. Syn-
chronous sampling allows getting the fundamental current
components, while the ATO gives accurate estimation of
the angular position. The PMSM angular position tracks
the desired reference, while the d-axis current tend to zero.
A small interference in the angle estimation produced by
the current signal during the load torque step at t = 1.2s
is observed. However, the interference has small impact in
the position control. Therefore, FDM can be successfully
applied in angular position control, allowing the hardware
simplification of the DAQ. The number of signal to be dig-
itized when FDM is applied is two, instead of four signals
(two current signals and two resolver outputs). As future
work, the proposed control system will be experimentally
tested.
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