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Abstract—This paper proposes a digital current controller
for permanent magnet synchronous machine (PMSM) drives,
specifically addressing scenarios where the computation delay
is a fraction of the sampling period. The fractional-step com-
putation delay introduces a transmission zero in the discrete-
time PMSM model, causing undesirable coupling between dq-
axes currents. The proposed controller employs complementary
zero assignment to ensure decoupled current dynamics and
incorporates a dual-update strategy to enhance transient perfor-
mance. Active resistance is also utilized to improve disturbance
rejection. The controller integrates seamlessly with asymmetrical
regular-sampled pulse-width modulation and supports operation
at lower sampling frequencies without compromising perfor-
mance, thereby reducing computational burden. This makes it
particularly suitable for transportation electrification applica-
tions demanding high switching frequencies and precise current
regulation. Experimental results from a laboratory-based PMSM
test setup validate the effectiveness of the proposed method.

Index Terms—Digital control, discrete-time, decoupling,
PMSM.
NOMENCLATURE
idg = [idsiq] dg-axes currents

dg-axes voltages
dg-axes back-EMF voltages

Udq = [ud7uq]T
€dqg = [edaeq]T

uf, = [uh,uf]"  dg-axes voltage commands for controller
R Stator resistance per phase

Ly, L, dg-axes inductances

We, O Electrical rotational speed and position
Te, fs Sampling period and frequency

Tsw, fsw Switching period and frequency

Tn =Ts/n Sub-control period, n is an integer

T. =mTy Computation delay, m is an integer

I Unit matrix
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This paper denotes J = [(1) _01] and the matrix expo-

cosa —sina

sina  cosa

the time instant (k + i/n)T is denoted by a fractional index
k+i/n,i=0,1,...,n—1, e.g., ugy(k +1i/n).

nential e’/ gives e/ = . The variable at

I. INTRODUCTION

URRENT control is critical to the overall performance

of electric drives, particularly in transportation electrifi-
cation applications demanding precise torque regulation, high
efficiency, and high power density, and continues to receive
significant attention from academia and industry [1], [2]. In
terms of feedback control characteristics, the digital delay in
motor drives limits the bandwidth and stability margin of the
current loop, encompassing both modulation and computation
delays [3]. The computation delay arises from the non-zero
time required to execute control algorithms, while the mod-
ulation delay results from the volt-second contribution of the
pulse-width modulation (PWM) process.

Various strategies have been pursued to mitigate digital
delay and enhance current control performance. For a given
switching frequency, increasing the sampling frequency is
a direct way. Traditional single-sampling (SS) and dual-
sampling (DS) schemes lead to a computation delay of one
sampling period T, with DS offering a higher sampling rate.
Multi-sampling (MS) techniques have further advanced current
control dynamics [4], but they often face challenges related
to aliasing and switching noise, particularly in three-phase
systems [5]. Model predictive control with finite control sets
allows for a much higher sampling frequency than the switch-
ing frequency [6]. Alternatively, optimizing the PWM updating
sequence can minimize delay. Real-time PWM methods that
update immediately after sampling can eliminate computation
delay [7], while they demand very fast sensing and suffer
from limited PWM duty ranges, potentially restricting voltage
output capability. In practical motor drives, the aforementioned
methods may be inapplicable due to insufficient computational
resources or specific topologies. Some low-cost inverters sam-
ple currents through shunt resistors at intervals determined by
the PWM waveform [8]. In this configuration, only the SS
scheme can be used, and a minimum half-step computation
delay is achievable.

With the widespread adoption of wide-bandgap semicon-
ductors, the switching frequency of motor drives can reach
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hundreds of kHz or even MHz [9], [10]. While multi-core
microcontroller unit (MCU) or field-programmable gate array
(FPGA) can manage the computational burden associated
with higher frequencies, they increase cost and complexity
[11]. Multi-rate or single-sampling-multiple-updating (SSMU)
schemes, which combine multiple switching periods into one
control period, may offer a practical solution to alleviate the
computational load [12]. Given that MCUs must reserve time
for lower-priority tasks such as communication and diagnosis,
the actual time available for executing the control algorithm is
less than the sampling period. Consequently, the computation
delay in SSMU schemes can be shortened to a fraction of the
sampling period due to multiple update opportunities. This
fractional-step computation delay (FSCD) presents unique
challenges for high-performance control.

In the current control of permanent magnet synchronous
machines (PMSMs) and synchronous reluctance machines
(SynRMs), discrete-time current regulators have demonstrated
superiority over their continuous-time counterparts, exhibiting
higher bandwidth, better decoupling between d- and g-axes,
and stronger stability over a wide speed range [13]-[21].
However, most existing current control methods are developed
for a computation delay equal to T, including PI control [14]-
[18], deadbeat control [19], model predictive control [20], and
disturbance observer-based control [21]. These methods can
achieve zero steady-state error, fast response, and decoupled
dg-axes current dynamics over a wide speed range under the
assumption of integer-step delay.

For the FSCD that may exist in SSMU or conventional
SS schemes, very few studies address current control in the
discrete-time domain. FSCD leads to a transmission zero in
the discrete-time PMSM drive model, resulting in undesirable
coupling between the d- and g-axes currents, which degrades
torque control accuracy and dynamic performance [22]. Since
this transmission zero cannot be shifted by feedback control
strategies such as pole placement, it poses a fundamental
challenge. For the half-step computation delay (HSCD), [23]
proposes a single-sampling-dual-updating scheme that can
decouple dg-axes current dynamics even when the ratio of
sampling to fundamental frequency is as low as 6. [24]
discusses damped current control with HSCD and error-free
feedback acquisition. The work in [25] designs a general
current controller for FSCD; however, the zero issue and its
detrimental impact on decoupling performance are overlooked,
and dg-axes interaction is observed in experiments.

To overcome these limitations and provide a robust solution
for high-performance PMSM drives operating under FSCD,
particularly relevant for modern transportation electrification
systems utilizing high switching frequencies or facing com-
putational constraints, this paper proposes a digital current
control specifically designed for PMSM drives with FSCD and
presents the following contributions:

o A decoupling approach effective across arbitrary FSCD
scenarios and various voltage update patterns discussed
herein, even at low sampling frequencies.

o Seamless integration with asymmetrical regular-sampled
PWM to achieve an optimized spectrum, even when the
sampling frequency is lower than the switching frequency.
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Fig. 1. Conceptual voltage update scheme. The sampling period T’ is divided
into n sub-control periods 7}. Each T} can be assigned an independent
duty cycle for modulation. After current sampling, the A/D conversion and
calculation are completed within the computation delay 7. = mT},. Then, n
duty references are updated for the following n sub-control periods.

« Flexibility to reduce the computational burden for PMSM
drives operating at high switching frequencies without
compromising control performance due to FSCD.

The rest of this paper is organized as follows. Section
II models PMSM drives with FSCD. Section III details the
design of the proposed digital current control. Section IV
discusses implementation considerations. Section V validates
the proposed method through experimental results. Finally,
Section VI concludes the paper.

II. MODELING OF PMSM DRIVES
A. Time Sequence and Digital Delay Considerations

In PWM-controlled PMSM drives, current sampling is typi-
cally synchronized with the carrier peak and/or valley to min-
imize aliasing. To allow sufficient time for analog-to-digital
(A/D) conversion and control algorithm execution, the PWM
reference update is delayed, resulting in the computation delay.
This computation delay, 7,, combined with the modulation
delay, constitutes the total digital delay, Ty.

The computation delay depends on the PWM updating
scheme. This paper focuses on scenarios where the com-
putation delay 7. is a fraction of the sampling period 75.
Fig. 1 illustrates the conceptual scheme for updating voltage
references. The sampling period T, is divided into n sub-
control periods (T = nT},), where T}, equals one or half of the
switching period T,,. During each T}, modulation is modeled
as a zero-order hold (ZOH) voltage latch. Independent voltage
references can be assigned to each sub-control periods.

The sampling and calculation process is assumed to com-
plete within the computation delay 7, = m7}, where m is
an integer and m < n. The parameter m is selected to ensure
the execution of the control algorithm within the allowable
time for definitive real-time performance. A lower m reflects
a shorter computation delay and consequently a higher stability
margin while requires stronger computational resources. Once
the calculations are completed at the time instant k7 + T, the
n voltage references for the subsequent n sub-control periods,
spanning from kTs + T, to (k + 1)Ts + T., are updated.
Consequently, the computation delay is modeled as a pure
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Fig. 2. Voltage reference patterns in a control period. This is an example for n = 5 and m = 3. (a) Constant—uzﬁ. (b) Constant—uzq. (©) Dual—u:;q‘ For
simplicity, u}, 5 Or u:;q in a sub-period is represented by a single line starting with a circle. Noting that actual voltage ung lags u, 8 by mTp,.

delay between the af-axes voltage reference u;; and the
actual voltage u,g, expressed as:
i—m
- .

o () = (1

Noting that the conventional voltage update scheme (1, =
Ty) is a special case of this study with n =m = 1.

ey

B. Voltage Reference Pattern Allocation

Within a control period, the method of allocating voltage
references to the inverter over the n sub-control periods
impacts the PWM spectrum and current dynamics. This paper
considers the following three patterns for allocating the voltage
references.

1) Constant-uy, 5 pattern: In this pattern, the af-axes volt-
age reference uj, 5 is held constant over the entire control
period (i.e., n sub-control periods):

Up g <k+n> =upg(k), i=0,1,..,n-1. (2a)

This pattern is conceptually simple to implement. Here,
the dg-axes voltage reference satisfies uj;, (k +i/n)
ewaEThi/nuzq(k).

Constant-uy, pattern: This pattern maintains the dg-axes
voltage reference uy, constant over a control period:

2)

1 .
Uz, (k + n) =ug,(k), 1= (2b)
This pattern can achieve a better spectrum for the PWM
waveforms compared to the constant-uy g pattern. If
T, = 0.5Ts,, this pattern actually implements the
asymmetrical PWM strategy. Here, the a5-axes voltage
reference satisfies uzﬁ.(k‘ +i/n) = elweTni/myz o (k).
Dual-up, pattern: Designed specifically to address the
FSCD, this pattern allows for two distinct dg-axes volt-
age references, uflql and u;q2, within a control period:

u:lq <k+ ;) =

The constant-uy, pattern is a specific case of the dual-uy,
pattern when w3, = ug,, or m = n. Both patterns produce
identical PWM waveforms at steady states; however, the dual-
uy, pattern leverages additional flexibility to enhance transient
performance. Fig. 2 illustrates the three voltage patterns.
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Fig. 3. Block diagram of the current control system. {} represents an array.
In the constant-u; ~and dual-u}, patterns, {0c + kweTh } represents angle
sequence (k = m, m—+1, ..., m+n—1) for coordinate transformation. In the
constant-u? 5 pattern, the serialization part is omitted, and only u, a is output
from the current controller and converted to wgp. With angle 8. + mweT},.

Fig. 3 shows the block diagram of the current control
system, primarily designed for the dual-ug, pattern but adapt-
able to the other two patterns with minor adjustments. The
serialization block organizes the voltage references into an n-
element array {uzq} for the subsequent n sub-periods: for the
constant-uy, pattern, it generates an array where the first n—m
elements are ug,, and the last m elements are ug o; for the
other two patterns, it generates an array where all elements
are u:;q. Then, for the constant-u(’;q and dual-uj‘lq patterns, the
k-th element in {u;‘lq} is transformed to the abc-frame using
the angle 6. + (m + k)w.T}, while the transformation angle
remains 0. + mw,T}, for all elements under the constant-u, 3
pattern. The buffer block sequentially sends the unpacked u7,; .
for modulation every T}, while the delay z~™ represents the
computation delay.

C. Discrete-time Modeling of PMSM Drives with FSCD
Considering the current equation of a PMSM in real vector
form:

= qulequidq + qul (Udg — €dq)-

d
1l 3)
where Lgy = diag([La, Ly)) and Ag = —(R.Ly, + weJ). If
Lgq = L, this model represents a surface PMSM. If ¢4, = 0,
the model of a SynRM is obtained.

Assuming the electrical frequency w,. and the back-EMF
€dq remain constant within a sampling period due to the



typically slower mechanical dynamics, and considering the
ZOH assumption for the a5-frame voltage, uq, satisfies:

Udg ((/ﬂ + %)TS + t) = e_Jwet’Lqu ((k + %)Ts) , 0 <t < Ty

“4)

Substituting (4) into (3) and integrating from kT to (k +
)T yields:

idq(k+1) = L;ququidq(k)

n—1 .

-1 n—1—i 4
+ qu ZO Gl Hludq (If + ’I’L) + d(k), (5)
where the matrix coefficients are defined as G = e4o7s, G =
eAoTh and H, = fOTh eAome=Jwe(Th=")q7 The term d(k)
accounts for the effects of back-EMF and other unmodeled

disturbances, such as inverter nonlinearity.

In (5), the instantaneous dg-axes voltage uq, at each T}, is
used. To facilitate the design of the digital current controller,
this expression is rewritten in terms of the voltage reference
uy,- Considering the computation delay in (1) and the voltage
patterns in (2c), (5) becomes:

igq(k+1) = L;ququidq(k)
+ L;ql(q)lu:;ql(k) + Qaugy(k — 1)) + d(k), (6)

where uy ;= ug,o = uyg, shall be used for. the constant-u,
and constant-uy, patterns. ®; and P, are given by:

n—1 m—1
;=) GYUHTT, @y =) GYTNH T,
i=m i=0
‘ (7
where T; = e~ JweThi/n for the constant—u;ﬁ pattern, or

T; = I for the constant-uy, and dual-uy, patterns. While the

expressions for @1 and ®, in (7) are not immediately intuitive,

simpler approximations are provided in the Appendix.
Taking the z-transform of (6) yields:

tdq(2) = L;ql (21 —G)~ 1
(Pruggr (2) + 27" Pougyy(2) + Lagd(2)),  (8)
where z is the z-transform operator. For the constant-uy, 5 and

* * ok ok
constant-ug, patterns, where ug ;= ug,, = Ugg> the transfer
matrix from uj, (2) o0 i4q(2), denoted as P(z), is:

P(z) = Ly z ' (2 = G) "' (2P1 + $3). )

D. Analysis of the Discrete-time Plant Zeros

For non-salient machines with Ly = L,, complex vector
tools can be used for analysis [26]. In a symmetrical system,
vector signals and matrix parameters can be converted to
complex form using the mapping relations shown in the
following two equations, respectively:

[a,b]" & a4+ bj
al +bJ < a+bj

(10a)
(10b)

where a and b are arbitrary real numbers.

The complex vector representation simplifies the analysis
for non-salient machines, offering intuitive insight into the
system’s dynamic behavior. The transfer matrix P(z) in (9)
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Fig. 4. Zero of P(z) with n = 4 and m = 1,2 or 3 when w.T}, increases
from O to 0.057 rad in steps of 0.017 rad under the constant—usq pattern.
Motor parameters listed in Table I are used, similarly hereinafter.
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Fig. 5. Comparison of the frequency responses between P(z) with (n,m) =
(4,2) and the conventional model (i.e., m = n = 1) under the same sampling
frequency. Conditions: n = 4, Ty, = 100 us, we = 8007 rad/s.

then reduces to a complex transfer function. For 0 < m < n,
P(z) exhibits a complex zero at z = —®;'®,, which
approximates to —2=re~/mweTh/2 under the constant-u,
pattern, and —2=1te~ /"< i under the constant-u; pattern
(considering T}, is small enough).

Fig. 4 shows the trajectory of the zero with n = 4 and
various m under constant-uy, pattern. This complex zero
signifies coupling between dg-axes currents, raising a primary
challenge in current control under FSCD. As the plant zeros
are invariant under feedback control, this coupling persists,
and pole-zero cancellation at this location may introduce
unstable or oscillatory modes into the system due to parameter
mismatch. Salient machines face similar issues.

Fig. 5 contrasts the frequency response of P(z) with FSCD
(n =4, m = 2) against the conventional model (m =n = 1)
under the same sampling frequency. The FSCD-induced zero
markedly alters the frequency response. The phase responses
differ due to the distinct inherent delays associated with
each case. Furthermore, the magnitude responses deviate in
the high-frequency region, particularly near the frequency
fs/2— fe (as the zero of the m = 2 case in Fig. 4 approaches
the unit circle, indicating a characteristic notch). Consequently,
conventional current controllers would be inadequate for sys-
tems with FSCD, especially at high fundamental frequencies.



III. PROPOSED DIGITAL CURRENT CONTROL

A. I-DOF Design
To simplify the analysis, the proposed digital current con-
trol is first introduced in its one-degree-of-freedom (1-DOF)
version. The control law for three voltage patterns is given by:
Uy (2) = (((1 —x)z )@ + q);z_l) w(z), (11a)

Y1 (Z)
Uig2(2) = (P + 25((1 =)z~ +y)) wo(2),  (1Ib)
Y2 (z)
Kzl -G

00(2) = 5 =7 Laaeil2) (110)

where ¢; = i;‘lq — 144 is the current tracking error, K is the
controller gain, 3 is a normalization coefficient, and x and y
are scalar parameters. ®7 and ®7 are the adjoint matrices of
®, and P, respectively.

The following properties of 2 x 2 adjoint matrices' are used
to achieve exact decoupling of the dg-axes current response:

P10y = |01°1, D3Py = |Do)?], (12a)
OI Dy + BLD; = 2r(D, P, (12b)

where tr(-) denotes the trace of a matrix. Note that all matrices
on the right-hand side of (12) are scalar matrices.

Based on (8), (11), and (12), the open-loop transfer matrix
from €;(z) to i4q(2), denoted as L(z), is derived as:

L(Z) = (Z2LE|(I)1|2 +z ((1 - .’I,‘)|CI)1‘2 + y|¢’2|2 + 2tr(<1>1<1>2))

K 1
+(1 = y)|®@2]?) 5 (13)

22(2 —1) L

It is evident that L(z) is diagonal, ensuring that the
command-tracking response G.(z2) = [I + L(2)]7*L(2) is
also diagonal. Consequently, the coupling issues caused by
the plant zeros are resolved without relying on pole-zero
cancellation, achieving decoupled dg-axes responses.

The coefficient [ is determined by evaluating the following
limit of L(2):

lim (z — 1)L(2) = = (|®1 > + |®2]? + 2tr(D;Po))1.

z—1

| =

Thus, [ is selected as:

B =@ >+ |Daf* + 2tr(D1 D), (14)

ensuring that K solely adjusts the magnitude of L(z) at lower
frequencies.
Remark 1: Y7 (z) and Ya(2) share the same DC gain, i.e.,

lim Y1 (z) = lim Y3(z) = @] + @3, (15)

z—1 z—1

ensuring that ug ; and uy,, are identical at steady states. This

eliminates any imbalance between the two outputs, which is

crucial for maximizing the modulation index in the proposed
IFor a 2x 2 matrix M = LZ Z , its adjoint matrix is M* =

d —b

—c a
In a symmetrical system, the adjoint matrix is analogous to the complex
conjugate, e.g., M =al +bJ = M* =al —bJ.
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Fig. 6. Bode diagram of the open-loop system. (a) m = 2 with various
(z,y). (b) Various m with z = 1 4+ m/(n — m) and y = 1. Conditions:
n =4, Ts = 200 us, we = 10007 rad/s, K = 0.4.

scheme that divides the control period into multiple sub-
periods. Additionally, ug ; and ug , are derived from a shared
integrator in (11c), further preventing discrepancies between
the two voltages due to numerical computation errors.

Remark 2: To ensure balanced magnitudes of uy,; and ug,,
during transient states, the feedthrough gain® of Y;(z) should
approximately match that of Y5(2), i.e., 2®] ~ @] + y®3.
From (7), a rough approximation ®; ~ *—=®; holds for
weTy < 1. Thus,  and y should satisfy:

r=14+y-m/(n—m). (16)

In this manner, = is determined once y is selected.

Since the open-loop system L(z) has been a scalar matrix,
its frequency response can be represented along a single
axis. Fig. 6 shows an example with n = 4 with (z,y)
satisfying (16). In Fig. 6 (a), various combinations of (z,y)
are compared, all exhibiting similar cutoff frequencies. As
z and y increase, the phase margin improves. An s-domain
transfer function L(s) = K f,e*74/s with bandwidth K f,
and delay T; = (m +n/2)T}, is also shown in Fig. 6 (a). The
pair (z,y) = (2,1) aligns best with the phase response of
L(s). Fig. 6(b) compares the frequency response for various
m. A lower m, indicating a shorter computation delay, results
in a higher phase margin.

Remark 3: The pair (z,y) = (1,0) results in Yi(z) =
Ya(z), leading to u},, = u},,. Consequently, the controller in
(11) is also applicable to the constant-uy 5 and constant-uy,
patterns. Theoretically the two patterns exhibit identical open-
loop responses at sampling instants. For non-salient machines,
the controller introduces a zero at z = —(®7)~'®3, which
is the complex conjugate of the plant zero z = —<I>1_1f1>2.
However, the term ®% + ®%2~! of the controller introduces
phase lag, which becomes more pronounced when m > n/2.

2The feedthrough gain g of a transfer function/matrix G(z) is defined such
that G(z) — g is strictly proper.
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In such cases, additional loop filtering may be required to
compensate for the reduced phase margin.

Remark 4: In (11a), the parameter x sets the weight of
(1—2)z~ !+ in Y1(2); analogously, y plays the same role in
Y2(z) of (11b). The dual-ug, pattern leverages these degrees of
freedom to shape the loop phase. Increasing = or y advances
the phase and improves the phase margin (see Fig. 6), but
overly large values amplify high-frequency noise. Fig. 7 (a)
quantifies the phase-margin variation with y, and Fig. 7 (b)
shows that the dual-ug, pattern (y = 1) consistently achieves
a higher phase margin than the other two patterns (y = 0),
because the dual update more effectively compensates the
coupling induced by the plant zero.

In this paper, we set y = 1 for the dual-uj, pattern and
choose z from (16). This gives Ya(z) = @] + @5 and, under
the approximation ®; ~ &, for w.T; < 1, yields an
analogous constant-gain form for Y;(z). The resulting open-
loop response closely matches the s-domain model L(s) over
a range of m, facilitating quick evaluation. For constant-u7,
and constant-uy, patterns, (z,y) = (1,0) is fixed by definition.

B. 2-DOF Design

The concept of active resistance (AR) is employed in the
2-DOF design to enhance disturbance rejection near the syn-
chronous frequency and reduce current error during rapid rotor
speed changes . By defining uj ,(2) = ug,,(2) — Raiaq(2)
and uj 5(2) = ujo(2) — Raiaq(2), where 124 represents the
AR, (8) is reformulated as:

iaq(2) = [22] + (®1R4 — G)z + ®aRa] !

[2®rugy (2) + Pougys(2) + d(2)]. (17)
Based on (17), the control law in (11) is modified as:
Ugq1(2) = Yi(2)vo(2) — Raiaq(2), (18a)
Uggo(2) = Ya(2)vo(2) — Raiaq(2), (18b)
K 221 + (®1Ry — G)z + ®3R
vo(z) = — (@174 ) 2 Aqu€i(Z)- (18¢)

3 EEES)
From (17) and (18c), the closed-loop current response is:

iaq(2) = Gyr(2)igy(2) + Sc(2)Sa(2)Pa(2)d(z),  (19)

where S4(z) = (I + P(2)Ra)~! and Sc(2) = (I + L(2))~!
are the sensitivity matrices of the inner loop with AR and the

outer loop with the regulator, respectively. Pa(z) = L;ql (21—
G)7 1Ly, is the transfer matrix from d(2) to ig4(z) [see (8)].
The term S4(z) reflects the impact of AR on disturbance
rejection in the current control system.
In this paper, the AR is defined as a constant matrix:
Rp = aqe’™ M Ly, (20)
where a4 scales the AR, and 1 compensates for the angle.
These coefficients are discussed below. While higher-order
forms of Ra(z), as explored in [17], [27], can further re-
fine control performance, they are not considered here. The
formulation in (20) is derived based on the following criteria:

1) The AR should be proportional to the dg-axes induc-
tance to ensure balanced gain margins [23].

2) The state-feedback path with R4 should avoid intro-
ducing a rotational factor to maintain balanced phase
margins.

Criterion 1) is straightforward, as the inner loop with AR
essentially acts as proportional control. The formulation in (20)
ensures consistent open-loop magnitude responses for the d-
and g-axes, which is particularly important for machines with
high saliency. Alternatively, replacing L4, in (20) with a scalar
gain, such as a fraction of the stator resistance Rg, is also a
common approach. The choice between these options depends
on whether the disturbance of interest should be attenuated
relatively or absolutely.

Criterion 2) emphasizes that AR should emulate the effect
of real resistance to enhance damping. This can be achieved in
the aS-frame or abc-frame when no digital delay is present. In
some studies, the deviation of the output voltage angle caused
by delay is implicitly compensated in the inverse Park trans-
form, introducing an additional rotational factor to the actual
AR when viewed from the a5-frame. For instance, in the case
of an SPMSM, the Nyquist diagram of the inner loop with AR,
represented by the open-loop transfer function Ly = P(2)R 4,
is shown in Fig. 8(a). An improper rotational factor results
in an asymmetrical trace near the critical point, reducing the
stability margin. Fig. 8(b) illustrates the magnitude responses
of Sa(z)Pa(z), with the response of P4(z) shown as a dotted
line for reference. When 1 = 1),,¢, the trace of S4(z)Pa(z)
exhibits a more symmetrical position and deeper attenuation
compared to other cases.

To satisfy criterion 2), (20) introduces a factor e’/7<e7h,
where 7 is a real number dependent on the voltage update
pattern. The optimal value of 7 is determined by canceling the
phase advance introduced by the rotational transform, yielding:

(21)
—m, constant-u, 3

B {—(n +2m —1)/2, constant-uj,
Tlopt =
It is important to note that 7 should be adjusted based on
whether phase compensation of the output voltage angle has
been applied in the inverse Park transformation.
Although the proposed control law is developed for a
rational ratio T,./T, = m/n, it can be extended to arbitrary
real fractions by directly calculating ®; and ®s.
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Fig. 8. Impact of the rotational factor in AR. (a) Nyquist diagram of the

inner current loop L4 = P(z)R4. (b) Magnitude response of disturbance
rejection S4(2)Pa(z).

IV. IMPLEMENTATION ISSUES
A. Anti-windup and Incremental Structure

Due to the limited dc-bus voltage, control saturation may
occur when machine operates at high-speed range or with high
bandwidth [28]. To address this issue, an anti-windup mech-
anism 1is incorporated into the proposed current controller.
Without this mechanism, continuous integration of the control
error after saturation can cause the output to deviate from the
desired value, leading to overshoots and prolonged dynamic
responses. The anti-windup mechanism also ensures smooth
transitions when switching from other controllers or control
modes.

The control law in (18) is modified as follows:

, KZQI+((I)1RA7G)Z+CD2RA
UO(Z):: Z; 22

Lagei(z), (22a)

Ui (2) = = V(=)0 (=) ~Raiaq(2), (22b)
v1(2)
Wiga(2) = 7 Ya(2)0p(2) ~ Raiaq 2). (22¢)

v2(2)

Based on (22c¢), the difference equation for the integration
process, is given by:

Ugga (k) = uggs(k—=1)+va(k) = Ralidg(k)—iaq(k—1)]. (23)

When saturation occurs, the saturated voltage ug, =
sat{uj’;qz} should be used in the integration, resulting in:

Ugqa(k) = Ugqa(k—1)+v2 (k) = Raliag (k) —iaq(k—1)]. (24)

Since ug,; and uy , share the same integrator, it is unnec-
essary to perform the same operation on (22b). Instead, the
difference between uy, , and uy,, is calculated by subtracting
(22b) from (22c¢):

* * z
Ui (2) = wgea(2) = =7 (V1(2) = Y2(2))vp ()
= —((1 = 2)®] + y®3)vp(2).

Using (22a), (24), and (25), the block diagram of the
proposed current controller is shown in Fig. 9. Since matrix

(25)

Fig. 9. Block diagram of the proposed current controller with anti-windup
mechanism.

multiplication is generally non-commutative, the arrangement
of matrix parameter blocks must be preserved, except for non-
salient machines. Integration is performed on uy, , rather than
uj‘lql because uj‘lql may not exist when n = m, and this
approach reduces a delay element in the implementation. For
the constant-u,, 5 and constant-uy, patterns, where « =1 and
y = 0, the dotted path in Fig. 9 can be omitted.

B. Coefficient Matrix Calculation

Accurate computing G, ®;, and ®, is critical for im-
plementing the proposed current controller. While analytical
expressions for these matrices are simple for non-salient
machines, they become more complex for salient machines
with unequal Ly and L. This paper utilizes the simplification
method from [23], approximating the matrices G; and H; as:

Rg Rs | Rs\Tp
—fsm —(Beq BayIn |
G~ e Td'"cosw.T} e (TatTo)2 sin w1},
1~ C(Baq BayTh _Bsq,
—e “La a2 ginw T}, e Ta " coswTy
(26)
1 1 _ e_RsTh/Ld O _
H ~ — T KL 1))
R 0 1—e " eth/ta

The matrix G can be obtained by replacing 7}, with T
in G;. If necessary, the exponential functions can be further
simplified using their Taylor series expansions. For machines
exhibiting flux saturation, the incremental inductance should
be used instead of the nominal inductance to ensure accuracy.

Once (G; and H; are determined, the coefficient matrices
®; and ¥, are obtained from (7). In the experimental vali-
dation, (26) and (27) are used for computational efficiency.
Although the per-sample cost of forming ®; and ®- grows
with the number of sub-periods n, the proposed voltage update
scheme substantially reduces the overall burden for n > 2 by
consolidating multiple switching periods into one sampling
period. Tasks such as A/D conversion, controller state updates,
and coordinate transformations are executed once per sampling
period rather than in every sub-period. As a result, the total
computation time grows sublinearly with n and remains well
below n times that of the n = 1 case.

By minimizing redundant operations in the current control
loop, the proposed approach effectively mitigates the compu-
tational demands associated with high switching frequencies
while maintaining minimal computation delay. Additionally,
the dual-update strategy in the current controller inherently
compensates for the adverse effects introduced by fractional-
step computation delay, ensuring robust performance across a
wide range of operating conditions.



TABLE I
PARAMETERS OF THE TESTED PMSM DRIVE
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Fig. 11. Current responses with various K when n = 2 and m = 1. (a) Dual-
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V. VALIDATION

The experimental setup is shown in Fig. 10. Experiments are
conducted on the tested motor with parameters listed in Table
I. The motor operates in current-control mode, and the algo-
rithm is executed on a microcontroller unit TMS320F28388D
with a 200 MHz clock. Another PMSM serves as the load
motor and operates in speed-control mode. Unless otherwise
specified, the shaft is maintained at the rated speed of 1500
rpm in the following experiments, resulting in a fundamental
frequency of f. = 125 Hz for the test motor. T}, = 0.5T%,, is
configured for all subsequent experiments.

A. Transient-state Response

First, experiments are conducted under a standard 10 kHz
switching frequency. Fig. 11 depicts the current responses with
various K for the three voltage patterns. The configuration is
(n,m) = (2,1) with T, = 50 ps. It is observed that both
the constant-uy, pattern and the constant-u;, ; pattern exhibit
similar response characteristics, as they theoretically employ
identical command tracking mechanisms. Nevertheless, these
two patterns show larger overshoots compared to the dual-
uy, pattern when K > 0.3. This disparity is attributed to the
phase lag introduced by the controller for the two patterns to
decouple the dg-axes currents.

Detailed evaluations of the dual-u}, pattern and the
constant-ugﬁ pattern are shown in Fig. 12(a) and Fig. 12(b),
respectively. The sampling period remains Ts = 100 us
with (n,m) = (2,1). The sampled dg-axes currents are

-120f — Ua us
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Fig. 12. Current step responses for (a) Dual-u pattern with n = 2 and
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visualized using stairstep lines with time interval T, while
the applied a8-axes voltages are plotted with time interval T7,.
Specifically, the g-axis current steps from 1.6A (24% of rated
current) to 6.6A (100% of rated current) and back, and the d-
axis current transitions from OA to -4A and back. Notably, the
decoupling between the axes currents during transient states
is evident. From the zoomed view on the right side of Fig.
12(a), following the i, steps, the change in u,g is delayed by
Ty due to m = 1. The magnitudes of u,g at each 27}, are
nearly balanced and distinguishable. Furthermore, prior to the
1q transition, u, and ug exhibit smooth variations, indicating
the characteristics of an asymmetrical PWM pattern. In Fig.
12(b), the zoomed view clearly illustrates the application of a
symmetrical PWM strategy.



Current (A)
(=} I\') S N o0
$o
#:kh
[ L> [E ]
.
5 ]
—_
(2}
>
&
e
%
.
o
=
[$%)
>

g m=3 m=4
~6l o e 11 ., —
oo I, iy =T
£ 45 1r
Eol Ai, =0.82A
52 g =U.
&)
0 —
Ld T. H H i U | H H H
20 25 30 35 40 20 25 30 35 40

Time (ms) Time (ms)
Fig. 13. Current step response when n = 4 and m = 1,2,3,4 with 2 kHz
switching frequency and 1 kHz sampling frequency. The dual-u:;q pattern is
applied. (Controller parameters: K = 0.5, a4 =0.1)

(al) @)

N o . :
it =i iy i —>ﬁ iy

(b2)
" z;; =il 4

N oo

Current (A)

(b1)

Current (A)

AN 0D NN AN DO N
~
*
1
I

(cl) (c2)

- AN . .
( —>//1, 1y %% (5

0 20 40 60 80 0 20 40 60 80
Time (ms) Time (ms)
Fig. 14. Comparison of the current response between the proposed method
(left column) and the method in [25] (right column) with parameter error:
(al)@2) Lg = Lg4,Lq = Lg, (b1)(®2) Ly = 1.3Lgq,Lq = 1.3L4 and
(c1)(c2) Ly =0.7L4, Ly = 0.7L4. Conditions: n =2, m=1, fs = fsw =1
kHz, K = 0.3, a4 =0.1. Both methods are tuned for similar bandwidth.

Current (A)
(=T S

Fig. 12(c) presents the current step response when (n, m) =
(2,2). The difference from Fig. 12(a) is that the change
in uqg is delayed by 27} relative to the %, step, and the
current response lags the reference by two sample cycles. The
asymmetrical PWM pattern is also maintained at steady states.

Current step experiments are also performed at lower
switching and sampling frequencies to evaluate control perfor-
mance under a low ratio of sampling to fundamental frequency.
Fig. 13 demonstrates the current response with n = 4 and
various m. The switching frequency is 2 kHz, and the sampling
frequency is 1 kHz. For m < n, the current increment Az,
at the first sample after the command step is approximately
n — m, and the current response for m = n = 4 lags the
command step by two sample cycles.

In real PMSMs, the actual inductance depends on current
magnitude due to magnetic saturation. Consequently, evalu-
ating control performance under parameter uncertainties is
essential. Fig. 14 presents a comparative analysis of current
responses under parameter variations. The left column shows
the performance of the proposed method using the dual-ug,
pattern, while the right column shows the method from [25].
The evaluation includes accurate parameters and scenarios

TABLE 11
IAE COMPARISON OF CURRENT CONTROL PERFORMANCE
La=1Lg, | La=13Lg, | Lg=0.7Lg,
Approach Lg=1Lyg Lg =1.3L4 Lq=0.7L4
d-axis | g-axis | d-axis | g-axis | d-axis | g-axis
Proposed 1.76 | 33.67 | 1.72 27.3 3.72 | 45.18
[25] 6.94 | 36.23 | 7.21 | 28.05 4.3 45.95
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Fig. 15. Disturbance rejection test by virtually injecting voltage disturbance
into u}; and uj;Q with n = 4 and various m. Conditions: 10 kHz switching
frequency, Ty, = 50 us, aq = 0.2, K = 0.3.

with £30% inductance errors. The proposed method demon-
strates superior current dynamics across all test conditions.
Notably, since [25] retains coupling zeros in the closed-loop
system, observable variations in d-axis current appear during
iq step changes. To quantitatively assess performance, the
integral of absolute error (IAE) is employed, defined as

20
IAE =T, |iz(to+kT.) =i} (to + kT.)|, = =d,q, (28)
k=1

which is used to analyze the system response following current
reference changes at ¢i. The comparative results are presented
in Table II. As the experimental evaluation only modifies the
g-axis current command, the d-axis IAE serves as an effective
indicator of decoupling performance. While both methods are
tuned to achieve comparable bandwidths, resulting in nearly
identical g-axis IAE values, the proposed method exhibits
significantly reduced d-axis IAE, attributable to its enhanced
decoupling capability.

Disturbance rejection performance is validated by virtually
injecting voltage disturbance into the g-axis voltage references
ugy and ug,. Fig. 15(a) shows the current responses with
various oq when a Au, = 20V voltage disturbance is
injected. A higher a4 leads to a faster settling time. Fig.
15(b) compares the current responses with the same controller
parameters under various m. A lower m, corresponding to
a lower computation delay, results in a lower peak value of
current deviation.

B. Steady-state Performance

The THD of the measured phase current under various
combinations of (n,m) and fixed switching frequencies of
10 kHz and 25 kHz are listed in Table III. For a fixed
switching frequency, the THD of the steady-state phase current
is minimally affected by the configuration of (n,m). This
indicates that the proposed method can be used to reduce



TABLE III
CURRENT THD UNDER VARIOUS COMBINATIONS OF (n, m)

(n,m) 2,1) 4,2) (5,2) (10,2)
Fow = 25000Hz fs (Hz) 25000 12500 10000 5000
THD (%) 2.03 1.98 2.0 1.99
fow = 10000Hz fs (Hz) 10000 5000 4000 2000
THD (%) 4.16 4.14 4.13 4.11

TABLE IV

ALGORITHM EXECUTION TIME WITH THE DUAL-u;q PATTERN.

n 1 2 3 4 5 6 7 8 9 10
Time (us) 6.95 7.52 8.05 851 9.07 9.63 10.2 10.7 11.3 11.8
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Fig. 16. Computational load of the current control algorithm under various
switching frequencies when fixing the sampling frequency of the proposed
method to 10 kHz.

the computational burden by employing a lower sampling
frequency without distorting the phase currents.

C. Execution Time

The average time to execute the current control algorithm
for various n with the dual-uy, pattern is recorded and listed
in Table IV. The value of m does not affect the execution
time in our code. For a fixed sampling frequency of 10 kHz
and asymmetrical PWM strategy, the computational burden
of the current loop with the proposed method under various
switching frequencies is shown in Fig. 16. The computational
burden of conventional methods that sample current once and
update PWM once is also compared, assuming they also take
6.95 ps per execution (1390 cycles under 200 MHz clock).
This indicates that the proposed method can significantly
reduce the computational burden as the switching frequency
increases, which is valuable in applications where response
speed is not the primary concern and a moderate sampling
frequency is sufficient.

VI. CONCLUSION

This paper develops a digital current controller tailored for
PMSM drives with fractional-step computation delay, address-
ing the unique challenges posed by the transmission zero
in the discrete-time model. The proposed controller achieves
decoupled dg-axes current dynamics through complementary
zero assignment and enhances disturbance rejection using
active resistance. The controller enables operation at lower
sampling frequencies with asymmetrical PWM, significantly
reducing computational burden while maintaining high control

performance with reduced digital delay. Experimental results
confirm the effectiveness in achieving precise current regula-
tion, robust disturbance rejection, and optimized steady-state
performance, even under low sampling-to-fundamental fre-
quency ratios. This makes the proposed approach particularly
valuable for high-switching-frequency applications, such as
electric vehicle traction inverters equipped with wide-bandgap
semiconductors. Future work could explore integrating the
proposed method with advanced sampling techniques to fur-
ther enhance noise immunity and control robustness.

APPENDIX

Letting R, — 0, for dual—u(’;q and constant—ufiq patterns, (7)
is simplified as:

By m YT e DT o (= )Ty T

=m

] I Ty _C@nemtlw T,
Oy~ Y e el e 2

(29)
and for constant-uy, 5 pattern, (7) is simplified as:
P ~ _ T, —J(n—m)weTh
1= (n—m)The (30)
Oy ~ mThefJ(anm)weTh

In both cases, the first factor (e.g., n — m for ®; and
m for ®,) represents the effective duration of the applied
voltage commands within the sampling period, scaled by the
sub-control period T},. The last term captures the phase shift
introduced by the discrete-time integration, depending on the
voltage update patterns and the computation delay.
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