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Data-Driven Deadbeat Predictive Harmonic Current Control for Dual
Three-Phase PMSM With Dynamic Linearization

Wusen Wang
and Wei Hua

Abstract—Harmonic currents inherently exist in a dual three-
phase permanent magnet synchronous motor (DTP-PMSM) due
to various disturbances, such as inverter nonlinearity and motor
asymmetry. This letter proposes a data-driven deadbeat predic-
tive harmonic current control (DD-DPHCC) method aimed at
suppressing harmonic currents. First, a data-driven model of the
harmonic currents for a DTP-PMSM is developed using dynamic
linearization theory. This model exclusively relies on system input
and output data to facilitate real-time updates, thereby eliminating
the necessity for motor parameters. Then, a deadbeat control algo-
rithm is designed to directly calculate the harmonic control voltage
based on the sampled harmonic currents and the data-driven
model, ensuring precise harmonic current control performance.
Compared to conventional model-based DPHCC methods, the pro-
posed DD-DPHCC exhibits enhanced robustness against motor
parameter mismatches. Finally, experimental results substantiate
the superior performance of the proposed DD-DPHCC method in
suppressing harmonic currents.

Index Terms—Deadbeat control, dual three-phase, dynamic
linearization, harmonic currents, permanent magnet synchronous
motor (PMSM).

1. INTRODUCTION

UAL three-phase permanent-magnet synchronous mo-
D tors (DTP-PMSMs) attract much attention in high-
performance applications due to their high power density and
inherent fault tolerance. However, inverter-based PWM exci-
tation in DTP-PMSMs inevitably generates harmonic currents,
which arise not only from the switching process but also from
nonideal effects such as dead-time and motor asymmetries.
These harmonics result in torque ripple, acoustic noise, and
efficiency deterioration, thus necessitating effective suppression
strategies to ensure better performance.
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To mitigate harmonic currents in DTP-PMSM drives, three
main categories of approaches have been extensively investi-
gated. The first category focuses on the optimization of PWM
strategies. Early 12-sector SVPWM controlled only the o3 sub-
space, leading to significant low-order harmonics [1]. To address
this, 24-sector SVPWM and its variants [2] were proposed to
suppress xy subspace harmonics, albeit at the cost of reduced
voltage utilization. Other variants, such as the five-active-vector
SVPWM [3], provide improvements under certain conditions,
but suffer from increased complexity and limited applicability.

The second category is improved linear current con-
trollers. Proportional-resonant (PR) controllers [4] and
multisynchronous-frame proportional-integral (PI) controllers
[5] are widely adopted to selectively suppress harmonic com-
ponents. Nevertheless, PR controllers are highly sensitive to
frequency mismatch and may suffer from interharmonic in-
terference, whereas multiframe PI controllers require low-pass
filters to extract harmonic signals, which inevitably introduce
estimation errors.

The third category explores model-based predictive control
methods. Model predictive control minimizes a cost function to
directly select appropriate voltage vectors and has demonstrated
effective harmonic suppression [6]. However, the computational
burden grows rapidly with the number of candidate vectors in-
creasing, which limits its real-time feasibility. Deadbeat predic-
tive harmonic current control (DPHCC) provides deadbeat per-
formance in harmonic current suppression. However, it strongly
depends on the accuracy of system models, and its robustness is
severely degraded under parameter mismatches. To enhance ro-
bustness, disturbance observers such as extended state observers
have been integrated with predictive control to compensate for
modeling uncertainties [7], [8].

Different from conventional model-based controllers, data-
driven control (DDC) avoids explicit reliance on accurate motor
models, thereby mitigating the negative impact of parameter
mismatches. Among DDC methods, model-free adaptive control
[9] is a typical approach that employs dynamic linearization
theory to construct an equivalent model in real time, where
system dynamics are characterized by pseudopartial derivatives
(PPDs) updated iteratively.

This letter proposes a novel control strategy that integrates
DDC with deadbeat control to suppress harmonic currents in
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DTP-PMSM drives. First, a data-driven model of the DTP-
PMSM is established using the dynamic linearization frame-
work. Then, an iterative formulation to update the PPD matrix
is developed to enable accurate online model adaptation. Finally,
based on the data-driven model, current prediction, and voltage
generation are carried out with a deadbeat pattern. Experimental
results demonstrate the effectiveness and advantages of the
proposed method in harmonic suppression.

II. MOTOR MODEL AND CONVENTIONAL DPHCC
A. Mathematical Model of DTP-PMSM

In multiphase motor drive systems, the vector space de-
coupling (VSD) [10] method is usually employed to map the
variables of each motor phase to different harmonic subspaces.
The VSD transformation of the DTP-PMSM is as follows:

(fo f5 fo fy for foul" =Tvsp - [fa1 o1 for fas fa foo)”

(D
where f is the motor stator variables, such as voltage u, current
1, and flux ¢. The VSD transformation matrix is

1 —1/2  —1/2  V3/2 —V/3/2 0
0 V3/2 —v3/2 1/2 /2 —1
Toen— L |1 —1/2  —1/2 —3/2 V3/2 0
YT lo —vB/2 VB2 12 12 -1
1 1 1 0 0 0
0 0 0 1 1 1

2

With the transformation, the variables of the DTP-PMSM
are mapped onto three orthogonal harmonic subspaces: af
subspace, xy subspace, and 0j05 subspace. The fundamental
components are projected onto the o8 subspace, where they
produce a rotating magnetic motive force and contribute to
electromechanical energy conversion. The fifth- and seventh-
order components are mapped to the xy subspace. Besides, the
third-order components are mapped to the 0;05 subspace, also
known as the zero-sequence subspace, which can be neglected
due to the star-connection windings.

Since the components in the xy subspace dominate the har-
monics in DTP-PMSM, only the 2y subspace model is consid-
ered in this manuscript. In the xy subspace, the mathematical
model of DTP-PMSM can be derived as

Ry + Lyys 0

Uy, = 0 Ry + Luys ipy + Egy 3)

where u,, and i, are the stator voltage and current in the zy
subspace. Wpy = [tz Uy]” , iny = [iz,iy]". Lay is the stator
leakage inductance. R is the stator resistance. s represents a
derivative operator. E,, is the back-EMF harmonics term related
to the rotor position 6. E,, = [E., E,]".

Furthermore, to implement the motor control algorithms in
a real-time digital microcontroller, it is necessary to convert
the mathematical model of DTP-PMSM into a discrete form.
According to (3), the zy subspace mathematical model can be
discretized based on zero-order hold as

izy (K+1)= Aiyy (k) + Buyy (k)
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Lay /kTs e Fov - By (H)dt - (4)

where A :ef%,B =(1-A)/Rs.

B. Conventional DPHCC

When designing a deadbeat control, it is essential to account
for the one control period delay resulting from the intrinsic
property of PWM updating in digital controllers. Therefore,
in the (k)th control period, DPHCC strategy first predicts the
currents in the (k + 1)th control period as

iy, (k+1) = Aiyy (k) + Bugy (k) —Dgy (k) (5)

where D, is the lumped disturbance term related to back-EMF
harmonics E,, and other unmodeled errors.

Then, the control voltage reference in the (k + 1)th control
period ung (k + 1) can be calculated with the current reference

in the (k + 2)th control period ing (k+2)as

r 1 T A, re
u:p?/f (k + 1) = E lw(;/f (k + 2) - Elgy (k + 1)

+ %Dmy (k+1). ©6)

Additionally, a disturbance observer needs to be designed to
estimate the lumped disturbance D,,,.

According to (5) and (6), a major drawback of the conven-
tional DPHCC is its heavy dependence on motor parameter
accuracy. However, these parameters vary and are difficult to
measure precisely in the zy subspace.

III. DATA-DRIVEN HARMONIC CURRENT SUPPRESSION

To overcome the limitation of conventional DPHCC, a
data-driven deadbeat predictive harmonic current control (DD-
DPHCC) method is designed in this section, which is indepen-
dent of motor parameters.

A. Data-Driven Model of DTP-PMSM

Due to the inaccuracy and variation of motor parameters as
well as other unmodeled disturbances, the coefficients A and B
in (4) are nonlinear variables. Thus, (4) can be reformulated as
a multi-input multioutput (MIMO) nonlinear system as

iey (K+1)= f(iey (k) sy (k). @)

Since (7) corresponds to a physical DTP-PMSM, it should
satisfy the Lipschitz continuity condition during each control
period, thereby bounding the sensitivity of the output to input
perturbations and ensuring model stability. This can be ex-
pressed as

A1y (k+1)[| < b|AH (k) | (8)
where b is a positive constant, AH (k) = H(k) — H(k — 1),
H(k) is a composite matrix including input and output vectors

H (k) = [iy(0) u, (0)7] ©)
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To develop a control system for the MIMO nonlinear system
(7), dynamic linearization theory is utilized.

According to the discrete-time model (4), an incremental form
of the model can be further derived by subtracting the discrete-
time model at two adjacent sampling instants as

Al (k+1) = AAi,, (k) + BAuy, (k) — AE;y (k)
(10)
in which
Algy (k) =gy (k) — iz (E—1) (11)
Aug, (k) = uy, (k) — Uy, (k—1) (12)
AEL, (k) =Ei, () —Ei,(k—1).  (3)

E}, (k) represents the whole last term in (4).
Then, the incremental model (10) can be reformulated into a
full form dynamic linearization (FFDL) model as

Algy (k+1) =@ (k) AH (k). (14)

Compared with (10), Ai, (k) and Aug, (k) are included
in AH(k). AE;, (k) is regarded as a disturbance term and is
eliminated since its values cannot be measured.

The PPD matrix @ in (14) is updated in each control period
based on the input and output data of the system. Therefore,
it can effectively capture the input—output relationship as well
as absorb the influence of those unmodeled nonlinearities and
disturbances, such as AE;“cy. According to (9), (11), and (12),
AH (k) contains both the current term and the voltage term and
is a vector with 4 x 1 dimensions. Thus, the PPD matrix should

be of 2x4 dimensions and can be expressed as

Q= [ P (15)
P din2

Bri= [@21 ¢i22} (16)
| Putr Pui2

(I)fu B |:¢u21 ¢u22:| ' (17)

To ensure model stability and boundedness, the norm of the
PPD matrix should satisfy the following condition:

@] <. (18)

Subsequently, the FFDL modeling process of DTP-PMSM
becomes determining ® . If the estimated @ in the (k — 1)th
control period is @ ;(k — 1), Ai,, (k) can then be predicted
according to (14) as

AR () =

&, (k—1)AH(k—1). (19)

Then, in (k)th control period, an error function can be devel-
oped to judge the prediction error as

T (®f) = || Aday (k) — AT (k) |12 (20)
The gradient of the error function with respect to the PPD
matrix is calculated to obtain the steepest descent direction of the

squared error, as (21), which subsequently serves as the iterative
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update direction for the PPD matrix

aJ (<i>f)
L ¥
= ~2[ Ay (k) = @ (k— 1) AH (k — 1) AH(k — 1)""
(2D

The PPD matrix can then be iteratively modified based on
gradient descent theory as

& (k) =®; <k—1>—uaj(f)

22
75, (22)

where (4 is a tuning parameter used to control the step size of
the iteration. Then, by considering the power of AH(k — 1),

the PPD matrix is updated as
o (k)= (k1)

"
_|_
[AH (k—1) |2 +¢

[ Adyy, (k) - (k- 1) AH (k—l)} AH(k—1)"
(23)

where 1 should satisfy 0 < p <2 for the stability of
the gradient descent iteration. € is a small positive con-
stant introduced to avoid division by zero. Besides, in
(23), ||AH(k — 1)||2 equals to Ai,(k —1)% + Aiy(k —1)° +
A, (k —1)* + Au, (k — 1) so that the second line of (23) is
scalar. In the last line, the first term is the error of Aiy,(k),
which is a vector with 2x 1 dimensions. Since AH (k — 1)
a vector with 1x4 dimensions, the last line of (23) is a matrix
with 2 x4 dimensions, which is the same as the PPD matrix ® .
As aresult, the gradient descent updating of the PPD matrix ®
with (23) is vectorized.

Ultimately, (14) represents the data-driven model of the DTP-
PMSM in the zy subspace, with equation (23) used for updating
the PPD matrix.

B. Parameter Design for PPD Matrix Iteration

In the PPD matrix iteration process, the parameters involve
the initial values of the PPD matrix ®, i, and .

Based on (9) to (14), the values of the elements in ® are
related to A and B in (4). Hence, the PPD matrix ®; can be
initialized with A and B as

A 0 B 0] (24)

‘I)f(o):[o A 0 B

According to (23), ¢ is a small positive constant, which can
be set as le-6. 11 is between (0, 2) and is the only parameter that
needs to be tuned.

Define the last line of (23) as

Co = [Aiw (k) — & (k — 1) AH (k — 1)] AH(k — 1)
(25)
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TABLE I
PARAMETERS OF THE TESTED DTP-PMSM

Symbol Parameter Value
Dn Pole pairs 5
R, Stator resistance 2Q
Ly d-axis inductance 5 mH
Ly g-axis inductance 8 mH
L, Stator leakage inductance 2mH
Wom Flux linkage of PM 0.07 Wb
J Rotational inertia 0.0006 kg-m?
ny Rated speed 1000 r/min
Ty Rated torque 2 N'm

time (20 ms/div)

time (20 ms/div)
(a) (b)

Fig. 1.  Simulation results of Cg. (a) Results of Cg;. (b) Results of Cg.,,.

Ca is a 2x4 matrix and can be rewritten as

C<I> — [C{M C<I>u} (26)
C‘I’ (Ll) C‘i’ (1a2)

Ca: {c‘s (2.1) Ca (2, 2)] @7)
Cs(1,3) Cas(1,4)

Cau = {C@ (2.3) Ca (2, 3)] ' 8)

Refer to (15) to (17), Cg; is used to update @ ¢;, and Cg,, is
used to update ® f,,.

Then, with the parameters of the tested DTP-PMSM, as listed
in Table I, the simulation results of Cg are analyzed. The results
are presented in Fig. 1. It can be observed that the values of
Cg, are relatively small, while those of Cg,, are much larger.
However, according to the motor parameters, A is about 0.9,
and B is about 0.05 in (24). The elements in ®;; would be
much larger than those in ® ¢,,. Therefore, the . used for ®;
updating, defined as u;, can be much larger than the p used
for ® ¢, updating, defined as ji,,. Comparing the values of ® ¢;,
®;,, Cs;, and Ca,, p; can be set around 1, and g, can be set
around 0.01.

In addition, to prevent the PPD matrix from changing rapidly
due to unexpected errors or undesired values of || AH (k — 1)]|2
a limitation is set for the element change of the PPD matrix. If
one of the elements in |® ;; (k) — ® ;;(k — 1)| is larger than 0.1
or one of the elements in |® 7, (k) — ® 7, (k — 1)| is larger than

0.01, &4 (k) = &; (k—1).

C. Proposed DD-DPHCC

Similar to the conventional DPHCC, when designing the
proposed DD-DPHCC method, the one control period delay
should also be considered. During the (k)th control period, the
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ay subspace currents in the (k + 1)th control period should be
predicted, and then calculate the control voltage reference for
the (k + 1)th control period accordingly.
According to (14), the xy subspace currents in the (k + 1)th
control period are predicted as
P (k1) =

i, (k) +®; (k) AH (k). (29)

Then, based on the deadbeat control theory, during the
(k + 1)th control period, the xy subspace currents should be
controlled to their reference values ing (k 4 2) with the control
voltage reference u”f (k+1)as

Aing (k+2) = <i>f (k+1)AHpe (k+1) (30)
where
AT (k+2) =108 (k+2) - (k+1) (D
17
Hyo (k+1) = [A““(kﬂ) Augl (k+1) } (32)

Auge (k+1) =uff (k+1) —ugy (k). 33)
For the purpose of harmonic current suppression, i,%/ (k + 2)
can be set as 0. A
In (30), the update of the PPD matrix ® ¢(k + 1) follows the

iteration rule (23), given by

& (k+1)=®; (k)

I L
INIGIETE

(AR (k4+1) — & (k) AH (k)} AH(K)T.

(34)
According to (29), it is obvious that

&, (k+1)=d; (k). (35)
Eventually, the control voltage reference uT'ef (k+1)is cal-

culated based on (30) as
Tef (k+1) =ugy (k)

@y (k) (D55 (k+2) = &7 (1) AT (k+ 1))
(36)

The flowchart of the proposed DD-DPHCC algorithm is pre-
sented in Fig. 2. Compared with the conventional DPHCC, the
proposed DD-DPHCC is developed totally based on the system
input and output data, without using motor parameters. Thus,
the proposed DD-DPHCC can be more robust and accurate than
the conventional DPHCC. Besides, introducing a disturbance
observer to DPHCC can improve robustness [7]. However, there
are three coupled parameters in the observer that need to be tuned
carefully. This makes the controller design process intricate.
On the contrary, in the proposed DD-DPHCC, only the p in
(23) needs to be tuned. The design process becomes much more
straightforward.
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Calculate six-phase control

'

‘ Estimate &, (k) with (23)

voltage with duty cycle, - v
sampling six-phase current Predict (£ +1)th current
ping lp i2°(k +1) with (29)

v

Calculate the xy subspace
components iy (£), uxy (k)

Calculate AiZ¢(k+1) and
A (K +2) with (29) (31)

using VSD decompositon J
l Calm}late reference voltage
Calculate Ain(k), Auw(k) wy (k+1) with (36)
with (11) and (12)
End

Fig. 2. Flowchart of the proposed DD-DPHCC algorithm.

Fig. 3.

Experimental platform of the tested DTP-PMSM.

IV. EXPERIMENTAL VALIDATION AND ANALYSIS

To validate the harmonic suppression capability of the pro-
posed DD-DPHCC method, comparative experiments have been
conducted on a DTP-PMSM. The experiment platform is shown
in Fig. 3. The parameters of the DTP-PMSM are listed in
TABLE I in Section III. The digital controller is a TI micro-
controller development kit, LAUNCHXL-F28379D. Both the
sampling frequency and control frequency are 10 kHz. The
sampling process is triggered by PWM at the beginning of every
control period. The dead-time is 2 us, and the dc bus voltage is
72 V.

A. Steady State Performance

The stator current results at 500 r/min and 2 N-m are shown
in Fig. 4. Compared to the condition without harmonic current
control, both DPHCC and the proposed DD-DPHCC can ef-
fectively suppress the harmonic currents in the zy subspace,
especially the fifth and seventh order harmonics. In addition, the
proposed DD-DPHCC performs better than DPHCC. Ignoring
noise pulse signals, DD-DPHCC reduces the peak-to-peak value
of the zy subspace current from 0.13 A with DPHCC to 0.09 A,
and lowers the total harmonic distortion (THD) from 4.38% to
4.02% . This improvement is because L, used in DPHCC is
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o 1
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<o é
=
~.0.1

-0.2
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time (20 ms/div)

i THD = 5.25% i THD = 4.38% i THD = 4.02%

(=3
>

Mag (% of
Fundamental)

S = N W

135791113 135791113 135791113
Harmonic Order
(a) (b) (c)

Fig. 4. Experimental results of the stator currents at 500 r/min and 2 N-m. (a)
No harmonic current control. (b) DPHCC. (c¢) Proposed DD-DPHCC.

No control
s DPHCC
DD-DPHCC

THD of iy (%)
~

1000

750

500 )

: |
o, 27250 U
“u 4 s

Fig. 5. Experimental results of the phase current THD under different rotor
speed and load torque conditions.

not absolutely accurate. In contrast, the proposed DD-DPHCC
uses a data-driven, real-time updated motor model, making it
more accurate than DPHCC.

In Fig. 5, the comparison of phase current THD across
different rotor speeds and loads is presented to further verify
the performance of the data-driven method. It illustrates that
the proposed DD-DPHCC suppresses harmonic currents more
effectively than DPHCC under all operating conditions.

B. Transient State Performance

Fig. 6 presents the experimental results with a 2 N-m load
torque when the speed reference changes from 500 to 1000 r/min.
Fig. 7 shows the experimental results at 500 r/min speed when the
load torque changes from 0 to 2 N-m. These results illustrate that
both conventional DPHCC and the proposed DD-DPHCC can
suppress the harmonic currents effectively during the transient
states. According to Figs. 6(b), 6(c), 7(b), and 7(c), the harmonic
current suppression performance of the proposed DD-DPHCC
is a bit better than the conventional DPHCC. This demonstrates
the superiority of the proposed DD-DPHCC. Besides, since
harmonic current suppression methods are implemented in the
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-£1000
800
600
iq iq iq
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5 4 J

Speed (r/mi
B
(=3
(=]

iy,idg (A)

4

time (20 ms/div)
() (b) (©)

Fig. 6. Experimental results with 2 N-m load torque when the speed reference
changes from 500 to 1000 r/min. (a) No harmonic current control. (b) DPHCC.
(c) Proposed DD-DPHCC.

iy (A)

(A)

fyy

e o

3
2
1
0
1
2
3
3
2
1
0
1
2
3

0.
0.
0.
-0.
-0.
-0.

time (100 ms/div)
(a) (b) (©)

Fig. 7. Experimental results at 500 r/min speed when the load torque changes
from 0 to 2 N-m. (a) No harmonic current control. (b) DPHCC. (c) Proposed
DD-DPHCC.

3
2 i
a0
= -l
)
-3
2
<01
.0
~-0.1
-0.2
-0.3
time (20 ms/div)
(a) (b) (¢) (d)
Fig. 8. Experimental results of the stator currents under three times L,

error at 500 r/min and 2 N-m. (a) No harmonic current control. (b) DPHCC.
(c) DPHCC with a disturbance observer. (d) Proposed DD-DPHCC.

xy subspace, similar responses in speed, phase currents, and
dq-axis currents are observed across different control strategies.

C. Parameter Mismatch Performance

Fig. 8 shows the results under three times L, error at
500 r/min and 2 N-m. DPHCC suffers severe performance de-
terioration and even instability due to the parameter error, since
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it is derived from the motor model and its performance highly
depends on the parameter accuracy. With a disturbance observer,
as introduced in [7], the DPHCC method can work stably again.
As shown in Fig. 8(c), the xy subspace harmonic currents are
suppressed to about 0.14 A peak-to-peak if ignoring noise pulse
signals. As for the proposed DD-DPHCC, it maintains stable
operation and suppresses the xy subspace harmonic currents to
about 0.1 A peak-to-peak.

V. CONCLUSION

This letter proposes a DD-DPHCC method to suppress har-
monic currents in DTP-PMSMs. The DD-DPHCC scheme is
designed based on a data-driven model of DTP-PMSM and
operates in a deadbeat control pattern. Experimental results
have been provided to validate the effectiveness of the proposed
method. The following contributions have been achieved.

1) The proposed DD-DPHCC provides improved harmonic
current suppression compared to the conventional DPHCC
under all operating conditions.

2) The proposed DD-DPHCC is completely independent of
motor parameters, ensuring consistent performance when
motor parameters change.
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