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Abstract

This paper proposes a method for designing AC motor current regulators in
the discrete domain (z-domain), which belongs to the field of high-performance
AC motor control. Due to factors such as cross-coupling terms between loops,
errors generated during controller discretization, and delays in digital control
systems, the control performance of the regulator will degrade. This paper
treats the d- and g-axis current loops in the AC motor control system as an
integrated whole, establishes a mathematical model of the AC motor current
loop in the discrete domain, and directly designs the discrete-domain current
regulator while considering the one-step delay of the digital control system. Fi-
nally, based on automatic control theory, the maximum and optimal values for
current regulator parameter design are derived. Simulation and experimental
results show that after adopting the optimally designed current regulator, the
dynamic response of the d- and g-axis currents is fast and without overshoot.
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Abstract

This paper proposes a novel design methodology for AC motor current regula-
tors in the discrete-time domain (z-domain), which belongs to the field of high-
performance AC motor control. The control performance of conventional regu-
lators degrades due to cross-coupling terms between control loops, discretization
errors introduced during controller implementation, and delays inherent in dig-
ital control systems. This paper treats the d- and g-axis current loops as an
integrated system and establishes a discrete-time mathematical model of the
AC motor current loop while accounting for the one-step delay of digital control
systems to directly design a discrete-time current regulator. Based on automatic
control theory, the maximum and optimal values of the current regulator param-
eters are derived analytically. Simulation and experimental results demonstrate
that the optimized current regulator achieves fast dynamic response in d- and
g-axis currents without overshoot.

Keywords: AC motor, discrete-time domain, current regulator, one-step delay

1 Introduction

With the rapid development of power electronics, microelectronics, and modern
motor control theory, AC motors have been widely promoted and applied in
industrial systems [1]. Among high-performance AC motor control methods, two
approaches have gained widespread acceptance: Field-Oriented Control (FOC)
[2-4] and Direct Torque Control (DTC) [2,5-8]. Direct torque control features
a simple structure and fast dynamic response. However, due to its use of bang-
bang controllers that select appropriate voltage vectors from a pre-designed
switching table based on controller error outputs and stator flux position signals,
DTC suffers from significant torque and flux ripples and variable switching
frequency, limiting its application in certain high-performance control fields.

Vector control, on the other hand, achieves rotor flux orientation to decompose
stator currents into d- and g-axis components, which are then regulated by PI
controllers to independently control rotor flux and electromagnetic torque. This
decoupled control approach enables vector control to achieve superior steady-
state performance, meeting the requirements of high-performance AC motor
control applications.

As modern industry demands increasingly higher performance and control pre-
cision from drive systems, traditional vector control techniques can no longer
satisfy these requirements. In conventional vector control, linear PI regulators
treat the current inner loops as two independent d- and g-axis control loops.
However, this approach suffers from cross-coupling terms between the loops,
discretization errors from controller implementation, and digital control system
delays. Moreover, the coupling terms are proportional to the synchronous an-
gular frequency, preventing traditional linear PI regulators from being designed
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truly independently and consequently compromising AC motor control precision.
Since most practical implementations employ digital control systems, regulators
designed in the continuous domain must ultimately be discretized, inevitably
introducing errors. Additionally, the one-step delay inherent in digital control
systems further degrades control performance.

To address the cross-coupling issue between d- and g-axis stator currents, several
solutions have been proposed, though most are overly complex [9]. Reference
[1] introduced nonlinear compensation to cancel coupling terms, but the result-
ing computational expressions are extremely complicated and the parameter
tuning process is cumbersome. To avoid complex decoupling procedures, some
methods employ complex-vector-based regulator design [10], while others design
current regulators directly in the discrete-time domain to avoid discretization
errors [11]. However, these methods fail to provide specific design procedures
for the adjustable parameter k, which still requires empirical trial-and-error tun-
ing in practical applications. Currently, no satisfactory method simultaneously
addresses: (1) elimination of cross-coupling between d- and g-axis control loops;
(2) direct regulator design in the discrete-time domain to avoid discretization
errors; (3) consideration of digital control system delays; and (4) provision of
accurate design formulas for the adjustable controller parameter k. Therefore,
there is a need to propose a simple and practical method that achieves better
control performance while improving versatility and practicality.

This paper proposes treating the d- and g-axis current loops as an integrated
system and establishing the current loop mathematical model directly in the
discrete-time domain while considering the one-step delay of digital control sys-
tems. Using an induction motor as the control object, this paper presents a
detailed study of its mathematical modeling. Based on the engineering require-
ment of at least 45° phase margin [11], the analytical expression for the maxi-
mum value of current regulator parameter k is derived, though this coefficient
introduces some overshoot to the current regulator response. To eliminate over-
shoot in the current regulator inner loop, this paper employs optimal design
methodology from automatic control theory using a damping ratio of 1, deriv-
ing the optimal value of parameter k that eliminates overshoot while maintaining
favorable dynamic performance [12]. Under step excitation, the current loop ex-
hibits rapid response without overshoot. To validate the proposed discrete-time
current regulator design method, this novel approach is combined with induc-
tion motor vector control and verified through both simulation and experimental
testing on a two-level inverter-fed induction motor platform. Comparative re-
sults with conventional linear PI regulators are also presented. The simulation
and experimental results demonstrate that the proposed discrete-time current
regulator achieves excellent dynamic and static performance across the entire
speed range, effectively expanding the industrial application scope of vector
control.
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2 Mathematical Model of Induction Motor

The vector-form mathematical model of an induction motor in the stationary
reference frame [13] can be expressed as:

ug = Rsis +p1/’s (1)
0= Rrir +p,(/)r - jwrwr (2)
"/}3 = Lsis + Lmir (3)
1/}7- = Lmis + Lrir (4)
N L
T, =~y i, (5)

T

where 0 = L,L, — L2, T, = %=, T, = &=, and p = < represents the differ-
ential operator. In these equatioTns, R, is the stator resistance, R, is the rotor
resistance, L is the stator inductance, L, is the rotor inductance, L,, is the
mutual inductance, N,, is the number of pole pairs, w,. is the rotor speed, u, is

the stator voltage, v_ is the stator flux vector, and % _ is the rotor flux vector.

Using stator current i, and rotor flux 1, as state variables, the mathematical
model of the induction motor in the stationary reference frame [14-15] can be
expressed as:

px = Ax + Bu

where x = [i, wT]T

Based on equations (7) and (8), the open-loop transfer function of the current
inner loop is:

k,s+k,
G =t
opr(5) oL.s+ R,
Assuming the desired current loop bandwidth is k, we obtain: k, = koL,

k; = kR,. Substituting k, and k; into equation (9) yields:

k
GOPJ(S) = 5

In practical applications, the motor mathematical model in equation (4) must
be discretized to predict state variables at time (k + 1). To improve prediction
accuracy, this paper adopts the second-order Euler method [16-17] to discretize
equation (4):

chinarxiv.org/items/chinaxiv-201903.00100 Machine Translation


https://chinarxiv.org/items/chinaxiv-201903.00100

XZ];_H =x;, + T, Ax; + Bu,

T
_ P sc p
X1 = Xy T b3 A(xp g —xy)

where x7,, is the predicted variable, T,

is the control period, and x; ; =

T

[i 1/)7"] il represents the predicted state variables for the next time instant.
Consequently, the electromagnetic torque at the next time instant T, , ., can
be predicted.

Under ideal conditions, using linear PI regulators can correct the current inner
loop to a first-order inertial element:

k
s+ k

Gcl(s) =

This shows that the system is always stable without overshoot. According to
engineering practice, the system control bandwidth w, is defined where the
output lags the reference by 45° [11], giving w, = k.

However, due to the presence of digital processing delay G; (which is not unity),
the above modeling does not fully reflect practical conditions, as shown in Figure
1 [Figure 1: see original paper]. This paper focuses on the design methodology
for discrete-time current regulators and the theoretical design of PI coefficients,
while considering the impact of one-step delay in digital systems.

3 Linear PI Regulator

The conventional linear PI regulator is shown in Figure 1 [Figure 1: see original
paper].

4 Discrete-Time Current Regulator Design

The traditional linear PI regulator separates the current inner loop into inde-
pendent d- and g-axis control loops. Due to cross-coupling terms between these
loops, complete independent design cannot be achieved. In contrast, complex-
vector-based regulators treat the d- and g-axis current loops as an integrated
system, offering superior control performance and parameter robustness com-
pared to conventional methods [18-20].

Based on the first row of equation (4), transformed to the d-q coordinate system
and neglecting the back-EMF term, the transfer function from stator current to
voltage after Laplace transformation is:
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qu(S) = (ULSS + Rs +jweULs>qu<S>

Since most practical implementations employ digital control systems, regula-
tors designed in the continuous domain must ultimately be discretized. To
avoid discretization errors, this paper adopts a more direct design approach by
designing the current regulator in the discrete-time domain. The discrete-time
mathematical model of the current inner loop [11] is expressed as:

1, (z 1— eiTs/Ta
Gp(2) = dq(>: 0. T, T, /T,

Ugg(2) R, (zedweTs —e=Ts/Ts)
where T, = oL,/R,; T, is the control period; z is the Z-transform operator; e
is the natural logarithm base; w, is the synchronous electrical angular velocity;
and j is the imaginary unit.

Considering the one-step delay compensation of the digital control system in
the synchronous reference frame, the discrete-time mathematical model of the
current inner loop for induction motors becomes:

G (Z> - qu(z) i 1 — eiTs/Ta
edq o qu(z) o RszejweTs (zej‘*’eTs — 67T§/Ta>

Based on the current inner loop model in equation (15) and using a zero-pole
cancellation design method, the discrete-time regulator G99(z) with adjustable
parameter k is directly designed as shown in equation (16). The complete control
block diagram is illustrated in Figure 2 [Figure 2: see original paper].

Uge(2) kR, (e79Ts — 771 To/To)

dq — q
G = ) (I— 2 DT

From the discrete-time model G4, (2) in equation (15) and the regulator G%(z)
in equation (16), the open-loop transfer function is obtained:

_ »—T/T,
GU(2) = Gy (2)G(z) = L7

z2(z—1)
where k,,, = k(1 — e Ts/T=). Since T, is typically very small, the Pade approx-
imation [21] is used to simplify equation (19):
k. elBiwT,
o) » bt
JwT

From equation (20), the crossover frequency is w, = k,,,,/T,. Setting the phase
margin to 45° yields:
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From equation (21), the maximum value of k is:

™
k = —
mazx 6(]. _ e*Ts /Tg)

Although parameter design using k,,,,,. provides fast rise time, it introduces sig-
nificant overshoot, as shown in Figure 3 [Figure 3: see original paper]. Therefore,
it is necessary to determine an optimal coefficient k.

Based on the open-loop transfer function in equation (17), the closed-loop char-
acteristic equation is:

2 —z24k(1l—eT/Te)=0

According to automatic control theory, when both roots of the closed-loop char-
acteristic equation lie on the real axis, the system exhibits no overshoot. This
requires:

1—4k(1 —e T:/To)y =0
Thus, the adjustable parameter k for overshoot-free operation is:

1
Fopt = 400 = o 7o)

Substituting the optimal value &, , from equation (25) into the discrete-time reg-

opt
ulator G%(z) in equation (16) yields the optimal discrete-time current regulator

in the synchronous reference frame:

ZRS(ejweTs — ZflefTs/To)
41— e T/To) (1 — 7 V)eiwcTs

GY (z) =

ccopt

Simulation using the optimal coefficient k from equation (25) shows the closed-
loop step response in Figure 3 [Figure 3: see original paper|. The system re-
sponds rapidly without overshoot, validating the effectiveness of the discrete-
time regulator parameter design. Existing literature [9,20] has demonstrated
through theoretical and experimental studies that discrete-time current regu-
lators exhibit good stability and parameter robustness. However, they do not
provide optimal design principles for the parameters. This section derives an-
alytical expressions and optimal values for the current regulator parameter k
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based on discrete-time design and automatic control theory. The following sec-
tions verify the effectiveness of this parameter design through simulation and
experiments.

5 Simulation and Experimental Results
5.1 Simulation Results

To validate the proposed algorithm, simulations and experiments were con-
ducted on a 2.2 kW induction motor drive platform in the laboratory. The
motor parameters are listed in the table below. The PWM period is 200 s. The
traditional linear PI regulator coeflicients were designed as k,, = 1144 according
to optimal design principles. The discrete-time regulator gain coefficient was set
to 7.54 based on equation (25).

Table: Simulation and Experimental Parameters

Parameter Value

Udc/v
P, /kW
fn/Hz
Tn/N cm
v, /Wb

First, the effectiveness of the discrete-time current regulator parameter design
was verified through simulation of a g-axis current step response. The motor
initial speed was -1500 r/min, and torque was suddenly applied to accelerate
the motor. The g-axis current response during acceleration is shown in Figure
3 [Figure 3: see original paper]. Using the optimally designed gain coefficient,
the g-axis current tracks the reference value rapidly without overshoot. In con-
trast, using the parameter k,,,, designed for minimum phase margin results in
shorter rise time but significant overshoot. The simulation results align well
with theoretical analysis, indirectly verifying the correctness of the algorithm.
For the discrete-time current regulator, the optimized gain parameter substan-
tially reduces overshoot without sacrificing settling time.

To evaluate the dynamic performance of both current regulators, the flux cur-
rent was fixed at 3.2 A while the torque current reference was set as a sawtooth
wave. During this process, the motor speed varied between 750 and 1500 r/min.
The corresponding simulation waveforms are shown in Figure 4 [Figure 4: see
original paper]|. Due to the delay term and filtered synchronous electrical an-
gular velocity in simulation, the d-axis current is slightly affected during large
dynamic transitions. For the discrete-time current regulator, the d-axis current
quickly recovers to its reference value, whereas the d-axis current under the
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traditional linear PI regulator remains continuously affected by varying q-axis
current. This occurs because the control delay prevents the traditional linear
PI regulator from achieving complete decoupling between the two current loops
through feedforward compensation.

Figure 5 [Figure 5: see original paper| shows simulation results for sudden load
changes at 1500 r/min, comparing traditional PI and discrete-time regulators.
The results demonstrate that during sudden load changes, the g-axis current
rapidly tracks the command value, motor speed experiences slight variation
before quickly stabilizing, and the d-axis current remains essentially constant,
validating the effectiveness of the discrete-time current regulator design.

5.2 Experimental Results

In addition to simulation verification, experiments were conducted on a two-level
AC drive test platform to validate the proposed discrete-time current regulator
design. The experimental setup is shown in Figure 6 [Figure 6: see original
paper]. The motor parameters and system sampling frequency are identical to
those in simulation, as listed in the table above. A DSP TMS320F28335 was
used to execute the main algorithm. Load torque was applied using a magnetic
powder brake, and actual motor speed was obtained directly from an incremen-
tal encoder. Internal motor variables (except stator current) were output to an
oscilloscope through a 12-bit DA chip on the control board, while stator current
was measured using current probes. Channel 1 displays measured speed, Chan-
nel 2 shows estimated g-axis current, and Channel 3 shows estimated d-axis
current. The scales for Channels 1-3 are marked on the figures, while Channel
4’ s current scale is indicated in the oscilloscope screenshot.

Since this paper does not consider high-speed field-weakening operation, the
performance difference between the two current loops is not significant in ex-
perimental tests. Therefore, only experimental results using the discrete-time
regulator are presented. First, the regulator parameter design values were tested
under motor standstill conditions. Figure 7 [Figure 7: see original paper] shows
that when the regulator parameter is set to k,,,, from equation (22), the d-axis
current tracks the command value within 4 ms but exhibits some overshoot. In
contrast, using the optimally designed parameter k,,, from equation (25), over-
shoot is eliminated while the d-axis current still tracks the command value in
approximately 4 ms. Unlike simulation, the motor parameters used in the exper-
imental controller inevitably contain some errors, causing slight differences from
the simulation results in Figure 4. This experiment validates the correctness of
the previous analysis on optimal regulator parameter design.

Figures 8 [Figure 8: see original paper] and 9 [Figure 9: see original paper]
show experimental results using the optimal coefficient k,,, for the discrete-
time regulator in sensored vector control at 150 r/min and 1500 r/min under no-
load and rated-load conditions, respectively. The results demonstrate that FOC
operates well in both low- and high-speed ranges with smooth sinusoidal current
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waveforms. To further verify low-speed performance, rated-load experiments
were conducted at 6 r/min. Figure 10 [Figure 10: see original paper]| shows
good system operation with smooth sinusoidal current waveforms, indicating
excellent low-speed performance of the discrete-time current regulator vector
control. These results confirm that the proposed discrete-time regulator design
achieves good steady-state performance across the entire speed range.

In addition to steady-state performance verification, dynamic performance was
tested as shown in Figures 11 [Figure 11: see original paper] and 12 [Figure 12:
see original paper], presenting system starting and high-speed reversal test wave-
forms. To ensure sufficient load capacity during starting, DC pre-excitation was
applied (g-axis current set to zero while constant DC current was injected into
the d-axis for motor excitation). Starting was initiated when the air-gap flux
reached the set value. Figure 11 shows rapid d- and g-axis current responses
without overshoot during the dynamic process, validating the theoretical anal-
ysis of parameter design. Figure 12 shows reversal test waveforms from 1500
r/min to -1500 r/min. The q-axis current quickly increases to its maximum
value without overshoot or oscillation, while the d-axis current remains stable
at its reference value throughout the g-axis current variation, verifying that
the discrete-time current regulator design achieves decoupled control of d- and
q-axis currents during dynamic operation. Additionally, smooth speed transi-
tion through the zero-speed region indicates good dynamic performance of the
overall system.

6 Conclusion

This paper presents a detailed study of current loop regulator design methods
in vector control, focusing on both traditional linear PI current regulators and
discrete-time designed current regulators. Based on phase margin and automatic
control theory, analytical expressions for discrete-time regulator parameters are
derived, and the optimal value of coefficient k is theoretically determined to
ensure overshoot-free operation while meeting dynamic response requirements.
The effectiveness of both regulator designs is verified through simulation and ex-
periments. Although the advantages of discrete-time regulators are most promi-
nent in high-speed field-weakening and low carrier ratio conditions [18-19], and
this paper does not consider high-speed field-weakening operation (resulting
in similar performance between the two regulators in simulations and experi-
ments), the discrete-time regulator offers a simpler structure by treating the
current loops as an integrated system rather than separate entities. Further-
more, it eliminates the need for discretization required by traditional linear PI
regulators in practical implementation, thereby reducing discretization errors.
Therefore, the proposed direct discrete-time current regulator design effectively
enhances the industrial applicability of vector control.
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