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Abstract: This paper proposes a complex vector discrete current controller based on the flux-linkage
data to solve the current loop oscillation problem of high power-density synchronous machines. An
offline flux-linkage table measurement method considering cross saturation is introduced, and the
data are used to deduce the symmetrical complex vector model. The influence of latch and delay of
inverters on the line voltage of machines at high speed is analyzed and compensated during the
controller design process. The proposed controller, which only needs to tune one parameter, can
deal with the inductance mismatch issues caused by iron core saturation. The controller can be
adopted in the current loop of saturated salient or nonsalient synchronous machines. Simulations
and experiments have verified the effectiveness of the proposed method.

Keywords: synchronous machines; power density; digital current control; saturation

1. Introduction

Synchronous machines such as salient-pole permanent magnet synchronous ma-
chines are widely used in powertrain systems of electric vehicles, aircrafts, and bionic
robots for the merits of high power density and high efficiency. In these compact and
lightweight scenarios, motor control systems should be able to work at high-speed and
peak-torque operating modes shortly to provide higher output power.

As for the high-speed operating mode, current loop performance deteriorates with
the speed increase due to the computation and modulation delay. In order to improve
stability of the current loop controller at the high speed, the time-lag issue can be ad-
dressed by improving the switching frequency and sampling frequency. Compared to
synchronous single current sampling and single pulse width modulate duty ratio update
(S8SSU) control mode, synchronous dual current sampling and dual pulse width modulate
duty ratio update (DSDU) is able to double the sampling frequency without increasing
the switching frequency [1].

Essentially, switching frequency and sampling frequency are limited by switching
loss and computing resources. Modeling the sampling-updating time lag so as to develop
a more accurate controller is another solution [2,3]. Predictive control systems such as
deadbeat control and finite control set model can also deal with the high-speed operation
mode [4-6].

At the same time, the dq-frame machine model introduces the cross-coupling term,
which deteriorates the control performance. Incomplete decoupling can cause current
ringing and even instability, especially in high-speed regions. There are feedforward de-
coupling, feedback decoupling, and complex vector decoupling, which achieve a better
effect [7]. Taking saturation into consideration, all of these decoupling methods depend
on precise d-q flux parameters.
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However, in peak-torque mode, the current is several times of the rated value, result-
ing in the parameter change. When motors work beyond the knee point, the saturation of
iron cores will lead to severe inductance reduction [8]. Additionally, stator resistance and
permanent magnet flux vary with temperature. These parameter mismatches will influ-
ence the stability and fast response of the current loop.

Many modern or intelligence control methods are capable of dealing with time-var-
ying and nonlinear problems caused by saturation. For example, adaptive control, sliding
mode control, fuzzy control, and artificial neural network control work well without re-
quiring the exact model parameters. Since the 1960s, adaptive control has been well de-
veloped. By adaptive law, which can be proved Lyapunov stable, the parameter in the
controller is tuned in real time. It can deal with feedback error and parameter change, but
the computation is extensive, and the convergence rate cannot be guaranteed. Hence, it is
not suitable for the rapidly changing current loop [9,10]. Fuzzy control uses fuzzy logic
and experts’ experience rather than specific parameters and a detailed model. It realizes
robust controllers in certain nonlinear circumstances. However, it relies too much on en-
gineers’ experience, which may be inaccurate [11]. The widely used sliding mode control
changes the control loop structure to make the error signal converge to zero. It does not
require specific model parameters and can achieve high robustness and good dynamic.
However, the current chattering in steady state is severe [12,13].

There are also some control methods based on machine parameters. A unifying re-
view of the internal model control (IMC) type schemes was published by Garcia and
Morari first in 1982. The IMC principle uses the inverse of the plant model and a low-pass
filter to design the controller. The only tuning parameter is the filter bandwidth, making
the control system easy to design. When the inductance and resistance are known, the
response follows the instruction, and the system can be regarded as an open-loop control
system. Nevertheless, the response will deteriorate when the inductance and resistance
are inaccurate. It may even result in divergence when the magnetic circuit is highly satu-
rated [14,15]. IMC can also be applied to nonlinear and time-variant systems. However, it
involves seeking analytically the inverse of those plants’ model, and it contains higher-
order derivatives and is therefore sensitive to noise and numerical errors. Hence, it cannot
provide a satisfactory outcome [16].

In engineering practice, piecewise linearization is frequently adopted. The IMC con-
troller parameters depend on the current interval partitioned for linearization. However,
there is no theoretical support on how to choose the partition, and it is difficult to guaran-
tee the system stability. Essentially, IMC is based on the accurate model and appropriate
parameters [17].

The concept of complex vector control was proposed by Waldo V. Lyon in 1954. It
was regarded as a coordinate transformation initially. The successive scholars expanded
it to model nonsalient machines, which simplify voltage equations [18]. The complex vec-
tor model transfers the multiple input multiple output (MIMO) system into a single input
single output (SISO) system, with which the classical analytical tools of root locus and
frequency response can be applied [19].

As for machines with salient poles such as synchronous reluctance motor (SRM) and
interior permanent magnet (IPM) synchronous motor, they can be modeled using flux
vector state variables to replace the current vector ones due to their naturally symmetric
characteristic. This modeling method can achieve good control performance even for high
saliency machines [20,21].

The complex vector model based on flux is adopted in this article. Delay and latch in
the d-q synchronous rotating frame system are also analyzed in detail. A discrete control-
ler is proposed for saturated synchronous machines working at high speed. Section 2 es-
tablishes an accurate plant model, including the model of synchronous machines with
cross-coupling saturation, the nonlinear inductance identification, and the output voltage
error caused by the delay of the discrete system. Section 3 gives the design procedures
and simulation results of classical PI controller based on the IMC and flux-linkage vector-
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based model. Section 4 presents the experimental setup and results. The simulation and
experimental results verify the effectiveness of the proposed controller, which can im-
prove the control performance of synchronous machines outputting peak power. Finally,
Section 5 concludes this article.

2. System Modeling
2.1. Model of Salient Machines

The voltage equation of salient machines in the d-q synchronous rotating frame can
be described as follows:

u, e i, i Va (id’iq) o _l//q(id’iq)
{uq:| Lq}rdt v, (l},,iq) e v, (id,iq)+/1pm (id,i) @

where u, and u  arethestator voltages of direct and quadrature axes, i, and i are
stator currents of direct and quadrature axis, R isstator winding resistance, and w, is
the electrical rotational speed. y, and y are the flux linkages of direct and quadrature

axes due to the stator current excitation. Due to the magnetic coupling in direct and quad-
rature axes, y, is not only influenced by i, , but also i and so is y - For IPM ma-

chines, A,

m

represents permanent magnet flux linkage, which depends on stator currents.

Asfor SRM, 2, isequal to zero.

|:udi| - R |:ld } . Ly (id ’iq) Ly (id’iq) i|:ld ]"w(- -L, (id oA )iq @)
Yy fa qu (id ’iq) qu (id’iq) del i, L, (id oA )id + /11"" (id ’iq)

L, ,L,6 L,  are

dd > ~dq>~qd > ~qq

By defining (3)-(5), Equation (2) can be derived from (1), where L

dynamic inductance; I, ,L, are static inductance.

0wy (i) L (i ):al//d (i,
> dg *°q .

b (id’iq) B oi, oi (3)
q
ow (i, ou (i
b (id,iq) B %’L‘M (id i, ) - %‘il‘]) (4)
q
L (%JL,F@, q(z‘d,iq)zw .
q

The plant described by (2) cannot be handled with the classical control theory for its
nonlinearity. When the saturation and cross saturation effect are negligible, all the dy-
namic and static inductance in (5) can be treated as constants, as shown in (6).

(6)

w|_ | [t 0afi], [ -
u, i |0 L at|i | | Li+A,

Equation (7) can be transformed into two SISO systems after decoupling. The param-
eters identification of the system is presented in the next part.
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2.2. Flux-Linkage Identification of Saturated Machines

When machines are intensely saturated, Equations (1)—(2) are more accurate than (6)—
(7). The parameters in (1)—(2) can be identified by several methods [22,23]. They can be
categorized as online and offline identification in terms of the working process, or as
locked rotor or rotating rotor in terms of the test condition. This article concerns the flux
linkage variation caused by current excitation rather than other variables such as temper-
ature; thus, the parameters are measured at 25 °C (with a TOH-408]XS constant tempera-

ture chamber of TOMILO). The interference term o, |:—(//q (igsd,) wa (i, )+ Ay (i, )}T

in (1) is equal to zero if the rotor is locked with a magnetic particle brake, which deduces

(8)-(10).
A et
v (10, (0) = [T ()= i () ©
v (1 0), ()= [T, ()= 83 () (10)

The inverter is controlled in current closed-loop mode or open-loop voltage output
mode to acquire the flux linkage including the cross-coupling saturation. Taking

W, (id ,l'q) identification as an example, a current loop is used to make £, (f) =1, while
voltage u, is changing in a stepwise manner, namely ud(t) =i'14d0. The voltage u,,

must be high enough so that the response current i, covers the complete operating
range.

The waveforms of id(f) and Y, (f) are recorded to calculate ¥, (id (l‘ ),iqo) in (11).

The resistance R can be worked out with the voltage and steady-state current.

i (i (0)d0) = [0 (7) = Ris (7) J 7 1)
0 iy (1)=ig0
By repeating the aforementioned procedures and changing i =i i, -, the relation-

q1otq2 "

ship between y, and (id ,iq) can be derived, as shown in Figure 1.

0

= -0.01
s -0.02
o -0.03
> -0.04

oA i

Figure 1. Measurement result of direct-axis flux linkage due to current excitation.
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By using the same way and (12), y, can also be calculated. Different from v, ap-
plying +u , will lead to drastic changes in the output torque. The machine’s fixing

should then be strengthened as much as possible, and backlashes should be taken care of
to avoid rotor position variation and then to increase the identification accuracy.

v, (ido,iq (t)):':[[uq (7)-Ri, (T):|d2’ 12)

ig(t)=igo
With the flux-linkage data in Figures 1 and 2, the look-up tables of
L, (id,iq),qu (id,iq),qu (id,iq),qu (id,iq),Ld (id,iq),Lq (id,iq),/lpm (id,iq) can be computed by
(3)—(5). With these data and (2), the model of saturated PMSM can be established [24].

oA |

Figure 2. Measurement result of quadrature axis flux linkage.

2.3. The Effect of Latch and Delay in Inverters

With the development of digital control, DSP and insulated gate bipolar transistor
(IGBT) have been widely used in the machine control area. The current is sampled, trans-
formed, and input into the current loop to calculate the voltage command value. Then, the
converter outputs the voltage after a short delay, which is relative to the sampling period.
If the machine is working in high-speed mode, the delay of the sampling-updating—out-
putting procedure cannot be neglected. Compared to synchronous SSSU, synchronous
DSDU can double the sampling frequency and halve the delay time without increasing
the switching loss.

As shown in Figure 3, sampling is synchronous with carrier waves. In DSDU, sam-
pling occurs at the peak and valley value of carrier waves, and updating occurs after sam-
pling. For example, the DSP samples at ¢ and updates at ¢, . The ordinary seven-seg-

ments voltage vector is divided into two four-segment voltage vectors, namely #,, (k-2)

of # -1, and U, (k=1) of 1, —¢,. It can be approximately regarded that the average

value of U, (k—1) occurs at the midpoint of 7, and z, namely . The voltage vector

command value corresponding to sample time ¢ is not applied to the winding until the

t, moment. The delay between sampling and outputting is equal to TY .
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Figure 3. Chronological chart of sampling and outputting of DSDU.

To illustrate the deviation between the given value and the output value, Figure 4
presents a two-pole machine model with the rotor rotating (aligned with direct-axis). Sup-
posing the rotor speed w, is steady, the rotor position of the north pole at the three sam-

pling instants ¢, ¢ and ¢ are d(4),d(t,),d(t,) . After sampling at ¢ and computing
during ¢ -¢,, the duty cycle information is updated to the register at ¢, . During the
outputting time (¢, —¢,), the rotor still rotates at the speed of ®, . The actual output voltage
vector during ¢, —t, can be calculated by (13),

— —F (k) —j6(k)—jat
u, (t)=u,, (k)¢ () g~12k)~7e N IAA (13)
where ¢ 7?®)7% and ¢ denote Park’s transformation factor and inverse Park’s trans-

formation factor. u;q (k) denotes the voltage command value. The average output volt-
age is givenin (14).
1 6() T - —jzw,T
Uy (k+1)7 I Uyg (t)df Wu (k)e 2 (14)
Sin| &=

Equation (14) shows that the magnitude error is @1, / (2Sin(a)67; / 2)), and the direc-

oL

tion error is . With the increasing ,, the errors become non-ignorable. The er-

rors should be compensated in the control system.
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Figure 4. Voltage complex vector plot of a rotating PMSM.

3. Controller Design and Simulation
3.1. PI Controllers Based on IMC Principles

A decoupled PI controller based on the internal model principle is the most widely
used solution for its simple structure and good performance. In this section, a brief intro-
duction of the controller is given. For diagonal IMC (DIMC), decoupling should be imple-
mented first to remove the cross-coupling of direct and quadrature axis terms in (7). Equa-
tion (15) represents two separate SISO systems, where 4, and Y, are direct and quad-

rature axes voltages after decoupling. To achieve a good dynamic performance, the volt-
age drop caused by crossover inductance and permanent flux linkage

o, [—Lqiq Ly, +A,, T should be added back to [ud (s) u, (s)]T during realization.
u%, _ u, Cw iLqiq
u, u, ‘| Lyi, + lpm
:R i'd + Ld 0 i i'd
i, 0 Lq dt|i,

Equation (16) can be obtained from (15) in the frequency domain, where s denotes
the Laplace factor.

(15)

1

e e N v I

R+qu

According to the DIMC principle, the current controller can be designed as (17),

L
where K, =alL,, K,=alL,, T, :—d, T =2 and , isthe pending parameter [25].

R R
X 1
AE—0)0
C(s)= : X 17)
0 K,(1+—)
sT,

q

The closed-loop transfer function del (S) is a first-order lag as shown in (18). The

expecting bandwidth is determined by the only unknown parameter
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a 0
C(S)Gpmm (S) sta
Cm ()= 7~ 7o~
clPI (S‘) 1+ C(S)Gp[”nz (S) 0 “ (18)
s+a

Because Laplace transformation is only applicable to the linear time-invariant sys-
tem, theoretically speaking, the parameters in (17) should be fixed in the control period.
When saturation occurs, the inductance and thus the stability margin will decrease, lead-
ing to the overshoot and even oscillation of the current. The delay of the control system is
also neglected, and therefore, the expected bandwidth , cannot be achieved. The con-
troller proposed below which is based on the flux-linkage state and data can handle these
issues.

3.2. Controller Based on Flux-Linkage Data
Define intermediate voltage v, and v~ as shown in (19). Deduced from (1), Equation

(20) describes the relationship between voltage and flux linkage.

HEHEHZ

a|valici)] T o o7 v.lii)| v,
v T e 0 N (20)
t v, (ld,l ) @, v, (ld,l ) q
The complex vector form of (20) is shown in (21), where
J(id,iq):[y/d (ig:d,) v, (isd, )JT , and ;=[vd VJT. The mechanical time constant is
much bigger than the electrical time constant, and the variation of @, can be neglected.
Equation (21) is a state-space representation that describes a SISO linear time-invariant
system.
dy (i, i o, -
%:7]0]5[/([11,[(7)4’1} (21)
The discrete-time solution of (21) is shown in (22). With the delay in (14) considered,

the transfer function of the plant GM (Z) can be written as (23).

_ Cr — 1 o
plk+D| =e )| #og = (k) (22)
- 1
(//(Z)L ; 1 176*;/‘@1 EweT\
GPIanr (Z) = e - = . .3 T 1 T 1 (23)

Based on the accurate discrete model, the controller G, (Z) in (24) can be obtained

without discretization procedure. As shown in (25), the closed-loop transfer function
G,y () is of simple structure

k<) ze -1
(e 1) 1z

s

G.(2)

(24)

 G(:)Gpu(s)
1+G, (2)Gp (2) 22 —z+k

Gcr (Z) (25)
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Figure 5 presents the structure of the proposed controller. First, the feedback current
(l'd ,l'q) is given to the look-up table ¥, (l'd ,l'q) and ¥, (id ,iq) to acquire y . The inter-
mediate voltage v° can be acquired from . Then, the voltage drop across the resistor
and back EMF are added, and the voltage reference value u s given to the inverter. The
complex form has to be transformed into the scalar form using the Euler equation to be
implemented in DSP. The sine and cosine values can be calculated and saved into RAM

during DSP initialization to increase the code execution efficiency. The flux-linkage table
should be large enough to cover the whole dynamic process of the current.

Va
i, . Real B
V' ] k@' =1 ze" - ’
Iy T, (eif“’"r‘ —1) 1-z
. ‘ Imag
lq
K v,

Figure 5. Structure of complex vector current controller based on the flux-linkage data.

3.3. Simulation

The simulation of the PI control and complex vector control is carried out in
Matlab/Simulink. The discrete-time step is set as 1 ps, and the switching frequency is set
as 10 kHz. The motor module is based on (2) and the inductance table [26]. Voltage con-
trolled voltage source (VCVS) with 1 us delay is adopted to represent the three-phase full-

bridge voltage source inverter (VSI). The complex vector controller GC(Z) multiplied

to.r, . .
with  0.50,7, /Sin (0.50,T, )e 2 " is used to compensate for the time delay between

VCVS and VSI.
The step response of the closed-loop transfer function of the complex vector control-
ler G, (2) with k£ =0.15,0.3,0.45 is simulated, and the results are presented in Figure

6. According to the simulation result, k is set to 0.3 in the following. The ¢3 dB bandwidth
of the closed-loop transfer function ¢ ., () is 12,947rad/s when the sampling fre-
quency is 20 kHz. The -3 dB bandwidth of G, (z)is 6473rad/s when the sampling fre-
quency is 10 kHz.

1 k
]
°
=
E— 0:5 -+ step
< G(2).k=0.15
0 Gci(z),k:O.S
G,(2),k=045 |
0 0.5 1 1:58 2

Time (ms)

Figure 6. Step response of ideal closed-loop transfer function with different parameters.
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As shown in Figure 7, the Bode diagram of the PI control and complex vector control
system has the same -3 dB -bandwidth at a =12,947rad/s and k=0.3. However, con-
sidering the time-lag effect, the bandwidth of the PI controller is limited. In engineering
practice, bandwidth is usually set as « =0.5/7,,,, - Since T, =75us in DSDU, the pa-

dealy dealy
rameter & should be 6667rad/s . Large currents are assigned to the winding to generate
short-time peak torques; thus, the motor in this research can be highly saturated, which
means that a smaller & is more suitable. The simulation of the two controllers in differ-
ent working conditions is shown in the following.

Bode Diagram

0 ,
A ’
[0 °
°
2 4t System: GclPI |
> Frequency : 12974 rad/s
= Magnitude : —3dB

6 I

10" 102 103 10*

Frequency (rad/s)

Figure 7. Bode diagram of closed-loop transfer functions (Green line, complex vector controller;
Black line, PI controller).

3.3.1. Simulation of the Locked Saturated Machine

To verify the effectiveness of high-current control, the speed is set close to 0 rpm, and
the sampling frequency is 20 kHz. According to the simulation and experiment, the con-
trol parameters are set as follows, a=4000rad/s, k=03.In practice, for a saturated sali-
ent machine, the dq axes current command trajectories are given through a look-up table
to achieve maximum torque per ampere (MTPA) control performance. In this research,
the MTPA look-up table is not experimentally calibrated, and the direct axis command
current is set as -0.2 times the quadrature one. The quadrature axis current is given an
incremental increase of 15 A each 5 ms from 0 to 60 A. The direct axis current is given a
decrease step of 3 A each 5ms from 0 to -12 A

As the simulation results shown in Figures 8 and 9, the current oscillation appears
when using the PI controller to deal with the saturated machine. “SR” is the abbreviation
of step response in this paper. With the increasing severity of the saturation, the deviation
between the current trajectory and step response of the closed-loop transfer function
Gopr (5) increases. As for the complex vector controller, the current always follows the

step response of the closed-loop transfer function ¢, (z), no matter how saturated the

motor is.
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70 T T

60 SR 0f G yp(5)
48

50

40

30 b X .

i4(A)& iq(A)

20 - -

10 —

10 | -

1 1 I L

0 5 10 15 20 25
Time (msJ

Figure 8. Simulation result of PI controller based on DIMC ( & =4000rad/s ) of the locked saturated
machine.
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50 |
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5 30 F
2
<
._U
20
10 F ! .
O =
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Time (ms>

Figure 9. Simulation result of complex vector controller based on flux-linkage data (k£=0.3) of the
locked saturated machine.

3.3.2. Simulation of the High-Speed Machine

In the high-speed mode, the speed is set as 5000 rpm, which means that the funda-
mental frequency of the output current f is 833 Hz. The current reference value is less
than the rated value. In order to improve the ratio of current frequency to sampling fre-
quency, SSSU is adopted. The sampling frequency f, is 10 kHz. The -3 dB bandwidth

issetto 6473rad/s through making a=6473rads, k=03.

Figures 10 and 11 present simulation results. The decoupled performance of the clas-
sical PI control system is unsatisfactory at high speed with rated current working condi-
tions. This is because of the mismatch of inductance parameters and time delay. Further-
more, complex vector control, which is deducted from the accurate model, achieves per-
fect decoupling. The current trajectory follows the step response of the closed-loop trans-
fer function ¢ ., (2) satisfactorily.
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A i;&i*
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— 10t : SROT Gy (5)
< ] i &
o q
i 5 g -
< o0 A
o P.V_ [ !
> d L_r—
40} : . : . -
0 5 10 15 20 25
Time ({ms)

Figure 10. Simulation result of PI controller based on DIMC (& =6473rad/s, f, =10kHz) of the
high-speed machine ( f, , =833Hz).

T — ey PO i“ai
I8

SROIG . (2 | |

< | g . i
<5 [ ] L
. i

<

0 5 10 15 20 25
Time (ms)

Figure 11. Simulation result of complex vector controller based on flux-linkage data (k=0.3,
f, =10kHz) of the high-speed machine ( f , =833Hz).

out

3.3.3. Simulation of the High-Speed Saturated Machine

Now, set the speed to 5000 rpm and the sampling frequency to 10 kHz in the simula-
tion. The parameters of both controllers are still the same, namely a=6473rad/s, k=03.
The quadrature axis current is given an incremental increase of 15 A each 5 ms from 0 to
60 A, while the direct axis current is given a decrease step of 3 A each 5 ms from 0 to —12
A.

The simulation results can be seen in Figures 12 and 13. For complex vector control,
the current still agrees with the expected response and achieves good performance in the
dynamic and steady state. In contrast, the classic PI control based on the DIMC principle
fails to follow the instructions, especially in highly saturated situations.

The simulation results illustrate that the complex vector controller based on flux-
linkage data is suitable for saturated and high-speed machines.
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Figure 12. Simulation result of PI controller based on DIMC (& =6473rad/s, f =10kHz) of the

high-speed saturated machine ( f , =833Hz).

out
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Figure 13. Simulation result of complex vector controller based on flux-linkage data (k=0.3,
f. =10kHz) of the high-speed saturated machine ( f, , =833Hz).

ut

4. Experiments

In this section, the experimental platform is introduced first. Then, the experiment
results are presented.

4.1. Experiment Platform

Figure 14 presents the experiment platform. The motor under test (MUT) and load
motor are installed on the bench. These two motors are powered by two VSIs. The data
are sent to computers through USB-CAN interfaces. The data in DSP reflect the actual
values of current loop controller; thus, the digital values transported to computer are used
in the analysis of this study rather than analog value measured by current clamp [27]. The
user interfaces on the computers can display data and send instructions. The magnetic
particle brake is installed on the bench to lock the MUT when the parameters are meas-
ured, the inverter nonlinearity is measured, and the 0-speed current control performance
experiment is carried out. Parameters of motor under test and load motor are shown in
Table 1.
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Figure 14. Experiment platform.

Table 1. Parameters of motor under test and load motor.

Parameters Motor Under Test Load Motor
Number of pole pairs 10 10
Stator winding resistance 0.8Q 1.5Q

d-axis inductance 0.69 mH ! 0.63mH!
g-axis inductance 0.74 mH! 0.67 mH !
PM flux-linkage 0.02 Wb 0.018 Wb

Rated speed 2000 rpm 2000 rpm
Maximum speed 5000 rpm 5000 rpm

! The data are measured at i,=—1.8A, i =9A .

The TMS320F28335 of Texas Instruments is adopted in the full-bridge inverter, which
is made of IGBTs. The switching frequency of the inverter is 10 kHz. By using
SSSU/DSDU, the sampling frequency is 10 kHz/20 kHz. DMA (Direct Memory Access)
technology is used to increase the current sample accuracy. The look-up tables for

v, (id ,iq) and ¥, (id ,iq) are saved in a flash. At the beginning of the program, the table

is moved to RAM. The sine and cosine values are also computed after reset to increase
code execution speed. The deadtime compensation algorithm is adopted to improve the
accuracy of output voltage [28].

The parameters used in the PI controller are static inductance at i,=-1.8A, i =9A .

As for the complex vector controller, calculating i, and i looking up to the table, and

interpolation are implemented to get the value of Y, (id,iq) and ¥, (id,iq ) . Instead of
using current, flux linkage feedback can avoid the influence of the cross-saturation terms

¥

q(id,iq)'diq/dt and [, (id,iq)-did/dt, which improves the performance of the current
control.

The control software cannot show every sampling value in real time due to the ca-
pacity of the serial controller area network (CAN) bus communications. The sampled val-
ues are recorded in RAM every sampling period at running conditions. When the system

stops, the recorded values are transmitted to the computer.
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4.2. Experiment Results
4.2.1. Experiment Result of the Locked Saturated Machine

Lock the rotor through magnetic particle brake and set the control parameter/sam-
pling frequency the same as simulation. The quadrature axis current is given with an in-
cremental increase of 15 A from 0 to 60 A, 5 ms each. The direct axis current is given with
a decrease step of 3 A from 0 to -12 A, 5 ms each.

The experiment results are consistent with the simulation results. For the classical PI
controller, the current ringing effect becomes more and more distinct with the increasing
current, as shown in Figure 15. At around 21 ms, the software protection is triggered. The
result represents that the dynamic and steady-state performance of the PI controller based
on IMC is not guaranteed when the iron core is saturated. Although the current j, de-

magnetizes the magnetic circuit in this experiment, the cross saturation reduces the direct-
axis inductance. Figure 16 will be discussed in Section 4.2.3. for coherence. Figure 17 pre-
sents the experiment result of complex vector control. The response of each step is pre-
sented separately to show the detailed results. The current response follows the step re-
sponse of the closed-loop transfer function satisfactorily. The usage of flux-linkage data
can compensate for the parameter mismatch of inductance.

90 T T T T

80 SR of G g (s) =
i.j&i,

B0 [ —

50

a0 1

| (A8, (A)

20 | I I I
0 5 10 15 20 25

Time (ms)

Figure 15. Experiment result of PI controller based on DIMC ( & =4000rad/s ) of the locked satu-
rated machine.
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Figure 16. Experiment result of PI controller based on DIMC (& =6473rads, /. = 10kHz ) of the
high-speed saturated machine ( f , =833Hz).
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Figure 17. Experiment result of complex vector controller based on flux-linkage data (k=0.3) of the
locked saturated machine.

4.2.2. Experiment Result of the High-Speed Machine

The load motor is used to control the speed at 5000 rpm. The dq axis of the motor is
given with pulse reference currents in turn which are not greater than the rated current,
and the step response and decoupling performance are observed. Controller parameters
and sampling time are the same as the simulation values.

Figures 18-20 present the experiment results, consistent with the simulation results.
The steady and dynamic performance of the complex vector controller is better than that
of the classical PI controller at f,, =833Hz . With the proposed controller, the current os-

out

cillation caused by coupling effect decreases from 1.8 to 0.6 A. The almost perfect decou-
pling performance in high-speed working conditions is achieved by using the complex
vector controller. By putting the d-q current into the X-Y plot, the fluctuation of complex
vector controller steady current at (-3 A, 9 A), (-9 A, 3 A), (-3 A, 3 A) is gentler than that
of the PI controller. At the time of 5.5, 10.5, 15.8, and 20.5 ms, it can be seen that the devi-
ation between the current under PI control and the reference current is more significant
than that under the complex vector controller.

0 5 10 15 20 25
Time (ms)

Figure 18. Experiment result of PI controller based on DIMC ( @ =6473rad/s, f, =10kHz) of the
high-speed machine ( f, , =833Hz).
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Figure 19. Experiment result of complex vector controller based on flux-linkage data (k=0.3,

f. =10kHz ) of the high-speed machine ( £, =833Hz ).
10 T T T T T T T T T
of [T Gel) | |
......... Plz(id’iq) Q Q
8- e : : E
.......... CV: (i) : : :
7L ¢ (Moment55ms) | i e R i
O (Moment:10.5ms)
6L O (Moment:15.8ms) i
% (Moment:20.5ms)
< s5¢ .
__U'
4t J
3r J
2r J
1 e e b
0 1 1 1 1 1 1 1 1 1

Figure 20. X-Y graph of the d-q current under PI controller based on DIMC ( @ =6473rad/s,
/. =10kHz ) and complex vector controller based on flux-linkage data (k=0.3, f, =10kHz) of
the high-speed machine ( f, , = 833Hz).

4.2.3. Experiment Result of the High-Speed Saturated Machine

The load motor is used to control the speed at 5000 rpm. Controller parameters and
sampling time are the same as the simulation values. During the verification of the PI
controller, the quadrature axis current is given with an incremental increase of 9 A from
0 to 36 A, 5 ms each, to prevent the current loop from collapsing. The quadrature axis
current is given with an incremental increase of 15 A from 0 to 60 A, 5 ms each, which is
the same as simulation. Both reference values of the direct axis current are set as

& #*
i, =—02% .

The experiment results of both controllers under saturated high-speed working con-
ditions are presented in Figures 16 and 21. At high speed, the control performance of the
classical PI controller deteriorates with the increasing saturation. The response of each
step is shown separately to describe the detailed results. With the proposed controller, the
peak quadrature axis current is improved from 36 to 60 A, and the peak direct axis current
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is improved from 7.2 to 12 A, which improves the output power by 39%. At the funda-
mental frequency of output current, which is 833 Hz, the current response follows the step
response of the closed-loop transfer function satisfactorily. The increase in the current rip-

ple is inevitable because of the decrease in the inductance.
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Figure 21. Experiment result of complex vector controller based on flux-linkage data (k=0.3,
f, =10kHz ) of the high-speed saturated machine ( f, , =833Hz).

ut

5. Conclusions

In this research, the accurate PMSM model with cross saturation is introduced. The
influence of time delay in the digital control system is analyzed. The flux-linkage values
at different current conditions are measured. Then, a controller based on the flux data is
proposed to mitigate the delay and parameters mismatch problems. To verify the perfor-
mance, simulation and experiment of PI control based on DIMC principle and complex
vector control based on the flux-linkage data are carried out. As a comparative case, the
performance of the PI controller based on DIMC matches the desired bandwidth target in
unsaturated circumstances. The proposed controller achieves better bandwidth and de-
coupled performance than the DIMC PI controller. It can improve the peak current output
region at high speed, which can improve the maximum output power by 39%. However,
the parameters are prone to be affected by temperature, which is not included in this re-
search. The nonlinearity caused by temperature will be investigated in future work.
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