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Abstract: The predictive current control method of permanent magnet synchronous motor has the
advantages of fast dynamic response and easy digital implementation, so more attention has been
paid to it. When the motor operates in a high-speed condition, the switching frequency is relatively
low, the carrier ratio is low, and the rotor angle varies greatly within a control cycle, resulting in a
large error in the traditional liner approximation prediction model and inaccuracy of the voltage
control quantity calculation, which leads to the deterioration of the predictive current control effect.
At the same time, the output harmonic of the three-phase current increases, which affects the stable
operation of the motor. In this paper, we study the causes of the large errors in the prediction model
based on the traditional linear approximation and phase current fluctuation of the permanent magnet
synchronous motor under high speed and low carrier-ratio conditions. Based on the improvement
of the prediction model and modulation, a new control strategy of variable switching frequency
deadbeat predictive current control is proposed. The control method proposed in this paper improves
the dynamic and steady-state performance of the motor, under the condition that the carrier ratio does
not increase and reduces the fluctuation of the output current of the motor. Finally, the effectiveness
and superiority of the proposed method are verified by an experiment.

Keywords: permanent magnet synchronous motor; deadbeat predictive current control; low carrier
ratio

1. Introduction

A fast and stable current loop is essential for the reliable operation of the permanent
magnet synchronous motor (PMSM). The current loop control methods mainly include
field-oriented control, predictive control, and so on [1-4]. The deadbeat predictive current
control has a constant switching frequency, which has the advantages of simple discrete
model establishment, easy algorithm implementation, and high control bandwidth, so it
has attracted a great deal of attention [5-7]. However, for the current loop, its dynamic and
steady-state performance is mainly affected by the switching frequency of power devices
and digital control delay [8,9].

Therefore, to ensure the dynamic and steady-state performance of current control, it is
usually necessary to increase the switching frequency of power devices to ensure that the
control system has the corresponding carrier ratio. However, for high-speed motors, due to
the limited switching frequency of power devices, the carrier ratio will inevitably decrease
with the increase of motor speed [10]. At this point, for traditional deadbeat predictive
current control, the delay effect of the digital control system will increase significantly and
affect the dynamic and steady-state performance of the entire control system seriously [11].

Given the above problems, in [12], the author analyzed the stability of the current loop
influence of the delay caused by space vector modulation on the surface permanent magnet
synchronous motor (SPMSM). In [13], the author analyzed the problem that the current loop
is unstable when the motor runs at the high-speed condition and adopts an improved PI
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controller. The PI controller designed can realize angle compensation to improve the current
loop’s performance. In [14], the author modeled and analyzed the influence of angle delay
and time delay caused by digital control on the stable operation of the permanent magnet
synchronous motor system. In [15], the author pointed out that when the permanent
magnet synchronous motor operates under high carrier ratio conditions, to simplify the
calculation, the predictive current equation approximates a set of linear equations by using
the mathematical limit principle. However, the predictive current equation has a large
error when the motor operates under high speed and low carrier ratio conditions. It is
difficult to accurately complete the delay compensation, resulting in a decrease in the
control performance. In [16], the author further analyzed when the motor speed increases
and the carrier ratio decreases under the premise that the switching frequency remains
unchanged, and the change of rotor angle position in a control cycle cannot be ignored,
which leads to an increase of the error of the back electromotive force (EMF) in the motor
model and the decrease of the control performance of the motor. In [17], a new continuous
time-domain prediction model was established by solving the differential equation of the
SPMSM for the errors existing in the first-order Euler equation under low carrier ratio
conditions. However, this algorithm has high complexity. In [18], it analyzes the error of
the discrete equation approximated by the traditional forward Euler method under low
carrier. It obtains a new prediction model to compensate the delay of the control quantity
by solving the state equation to establish a prediction model suitable for high speed and
low carrier ratio conditions. In [19], a hybrid modulation was proposed—that SVPWM in a
dynamic state and SHMPWM in a steady state solve the current fluctuation and harmonics
caused by the operation of low carrier ratio condition. However, this method requires
frequent switching of modulation strategies, and the dynamic performance is difficult
to guarantee.

Above all, when the motor is running at high speed and low carrier ratio conditions,
the main reasons leading to the performance decline of traditional deadbeat predictive
current control can be summarized as two points: one is the large rotor position angle error
in a control cycle, where the error of the back EMF in the discrete model increases, which
makes it difficult for the traditional prediction model to calculate the accurate voltage
control quantity, and decreases the control performance of the motor at high speed and
low carrier ratio conditions. Another reason is that when the traditional sampling and
update strategy (duty cycle update) of SVPWM is adopted, the current fluctuation and
harmonics increase when the motor runs at low carrier ratio conditions, which further
increases the error of reference voltage calculation in the deadbeat algorithm. It is also
essential that the traditional strategy easily causes control instability when the motor is
running at high-speed conditions.

In order to solve the above problems, a discrete mathematical model considering the
error of rotor angle variation in a control cycle was established based on the deadbeat
predictive current control. At the same time, through the establishment of a modulation
strategy mapping relationship between the steady-state current waveform quality, a modu-
lation strategy combining switching state clamping and space vector modulation and duty
ratio update method was designed. A new deadbeat predictive current control method
with variable switching frequency was proposed by combining the control algorithm
with the modulation strategy. This was compared with the traditional control method,
which not only ensures the dynamic performance of the current but also improves the
steady-state quality of the current when the motor is running at high speed and low carrier
ratio conditions.
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2. Deadbeat Predictive Current Control Principle and Error Analysis

The PMSM is a strongly coupled nonlinear system, and to simplify the analysis of
modeling, the flux saturation and losses should be ignored. Taking SPMSM as an example,
the mathematical model in the d-q axis can be expressed as (1) [17].

di .
P id . _ Ug |, _ —Rs/Ls We . o 1/Lg 0 .
and, i = |:iq ], u = [uq]' A = [ e —RS/LJ’ B = { 0 1L

_ 0
€= Lwe’yl’f/Ls}

Where the d and q denote the d- and g-axis components, respectively, and i and u are
the current and voltage vectors. we is the electric rotor speed, and Ls and Rs are the stator
inductance and resistance, respectively. ; is the rotor permanent magnet flux linkage. (1)
can be calculated and obtained as the current equation on the d-q axis by Laplace:

i(t) = elt=)A Li(t) + tt e'=04 . [Bu(t) + CldT )
0
where 7 is the integral variable of time and ty is the start time of the calculation.

The continuous time domain must be discretized in digital signal processors with a
fixed step size. The electric rotor speed we, the control voltage 1, and the back EMF phase
C are generally considered as constant between the two adjacent sampling moments kT
and (k + 1)T. At this point, the predictive current equation can be approximated as:

i(k+1) = D(k)i(k) + A~Y(D — E)Bu(k) + A~Y(D — E)C(k) @)

and, D(k) = eAT = o poT| cosweT smweT} E— [ 1 0

—sinweT cosweT 0 1

However, if the motor runs at a high carrier ratio condition, we*T will be very small.
According to the mathematical limit approximate principle, the current equation can be
approximated, as shown in (4):

_Rs
e Llml- R

. S
sinweT ~ weT 4)
cosweT ~ 1

Taking (4) into (3), the current prediction model after linear approximation can be
written as:

ialk+1) = (1= 58 )ig (k) + Tewe(k)iq (K) +ua (k) £
iq (k +1)=(1- Tg})iq(k) + Twe(K)ig (k) — Twe (k) + uq(k) £

©)

Due to the inherent delay of the numerical control system, it is necessary to make
a delay compensation for the control algorithm. According to the principle of deadbeat
control, i(k + 1) = i*(k), i*(k) represents the reference value of stator current at k-moment, so
the control voltage of the next control cycle can be calculated according to (5), as shown
in (6):

uly(k+1) = Reia(k+1) + 5 [i(k) — iq(k+1)] — we (k) Lsiq(k + 1) ©
WP (k+1) = Ryig (k +1) 4k [i;(k) —iq(k+ 1)] + we (k) Leig (k + 1) + we (k)
As shown in Figure 1, the reference voltage vector applied at k + 1-moment was

calculated at k-moment according to (6). Due to digital control, the control system at k-
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moment will lock a fixed set of voltage vectors, and the actual output voltage of the inverter
can be considered to remain unchanged within a carrier cycle. However, in practice, the
amplitude and angle of the reference voltage vector and actual output value should change
accordingly in one carrier cycle. In the traditional modulation algorithm, sampling and
control algorithms are executed once in a carrier cycle. The correspondence between the
current sampling time and the PWM duty-on ratio update time is shown in Figure 2. Due
to the existence of control delay and the limitation of hardware conditions, the control
voltage calculated at the initial time of the kT control cycle cannot be updated until the (k +
1)T control cycle, and it works until the end of the (k + 1)T control cycle. In this update, an
angle deviation for a control cycle is weT, and this value can reach dozens of degrees when
the motor is running at high speed and low carrier ratio conditions. In the end, when the
traditional deadbeat predictive control operates at low carrier ratio conditions, the stator
current tracking has a large static difference, leading to very serious control errors and
current fluctuations [18].

] : :
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Figure 1. Block diagram of traditional deadbeat predictive current control.
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Figure 2. Traditional sampling and duty update timing.

3. Variable Switching Frequency Deadbeat Predictive Current Control

This section targets the following problem: that traditional deadbeat predictive control
is difficult for calculating accurate control quantity under high speed and low carrier ratio
conditions, and the stator current tracking performance is poor. An improved current
prediction model considering the change of rotor position in a control cycle was derived,
and a clamping modulation strategy was designed using the over-sampling mode. Based
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on the established model and modulation strategy, a novel deadbeat predictive current
control method was proposed to realize the variable switching frequency of deadbeat
predictive current control, which ensures the high dynamic and low harmonic current of
the motor under high speed and low carrier ratio conditions.

3.1. Improved Prediction Model Suits Low Carrier Ratio Condition

Compared with the d-q axis, the voltage equation on the «-f3 axis has no cross-coupling
term, and the voltage vector error caused by the angle error in the coordinate changes can
be ignored. Therefore, this paper deduces the improved current prediction model based on
the o-p axis.

First, the voltage equation based on the «-f3 axis can be expressed as:

{ Uy = Rgig + Lsdii(x — welpssin(6e) @
ug = Rsig + Ls§;ip — wetpscos(be)
The current equation on the -3 axis can be rewritten to:
Lig= Lis(ua — Rsin + wepssin(6e)) ®)
%ifg = L%(llﬁ — Rsipg + wetpscos(be))
(8) can be reduced to:
di(t 1 .
M) = L oRaile) + ) +e(0) ©)

The effect of resistance is largely negligible when the motor is running at a high-speed
condition. The rate of change of i(t) depends on the relationship between u(t) and e(t),
and the previous analysis shows that the u(t) has the effect of a zero-order retainer on the
o-f3 axis, so it can be considered to be constant in a control cycle. The angle of the back
EMF vector e(t) is the same as the rotor position angle of the motor and keeps rotating in
space. Under low carrier ratio conditions, a control cycle’s rotation angle of e(t) can reach
tens of degrees. Therefore, when the motor is running at high speed and low carrier ratio
condition, the change of rotor angle position cannot be ignored.

The predictive current for the k + 1-moment can be expressed as:

i(k+1) = i(k) + Ai(T) (10)

i(k) can be obtained by current sampling, and Ai(T) is mainly affected by u(t) and e(t)
in a control cycle when the motor is running at a high-speed condition. The variation of e(t)
needs to be taken into account in the discrete model, and Ai(T) in a control cycle can be
expressed as:

o _ T dig(0) ¢ —Raig (0-+ug (T ylSin(O(6)-+.T)—sin0(0) (11)
Aig(T) = [, —5—=dt =

{ Ai“(T) T dig(t) dt ~ —Rsin (k) +uo (k) T+1p¢[cos(8(k)+weT)—cos 6 (k)]

0 —dr L

The current prediction model considering the change of rotor angle position in the
unit control cycle based on the «-f3 axis can be expressed as:

1~

S

ig(k+1) = (1—BDyig (k) + Lug (k) — £ [sin(0(k) + weT) — sin O (k)]

S

(12)

{ ia(k+1) = (1—BT)ig (k) + Lua(k) — #cos(0(k) + weT) — cos (k)]

According to the principle of deadbeat control, the control voltage can be obtained by
ordering i(k + 1) = i*(k). Due to a control delay in the motor system, delay compensation of
a control cycle is needed to make the control voltage more accurate. The predictive control
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voltage of the «-f3 axis can be obtained by taking the predictive current of (12) as the delay
compensation, as shown in (13).

bl (k+1) = Sit (k) — BfTig (k+ 1) + % (cos(8(k) + weT) — cos(6(k)) 13)
ul(k+1) = fig (k) — BfLig (k+ 1) + $(sin(0(k) + weT) — sin(6(k))

An improved discrete model considering rotor position angle variation is established
in this paper.

From the above analysis, in addition to the influence of the prediction model, another
factor that decreases the predictive current control performance at a high-speed condition
is the increase of current harmonics caused by the decrease of carrier ratio, which further
increases the calculation error of the reference voltage vector in the deadbeat predictive
current algorithm. Increasing the switching frequency can reduce this effect, but it is
difficult to increase the switching frequency significantly due to economic factors. The
traditional deadbeat predictive current control strategy with fixed switching frequency
cannot guarantee better current control quality, even if it adopts the improved prediction
model established in this paper. Therefore, based on the improved prediction model, this
paper proposes a deadbeat predictive current control strategy with variable switching
frequency to ensure that the current control quality can be improved without increasing
the switching frequency of power devices.

Compared with the traditional deadbeat predictive current control, the control fre-
quency of the proposed method is still fixed, but the actual switching frequency of each
power device varies from the scale of a stator current operation cycle. The main reason for
this phenomenon is that the proposed method adopts the mode of alternating clamping
of a phase bridge arm in a unit stator current operation cycle and coordinates with the
switching sequence arrangement mode of adjusting the synthetic space vector so that the
switching state of a phase power device does not change in a certain period of a stator
current operation cycle, and the switching state of another phase power device is adjusted
several times. Thus, the variable switching frequency control of power devices within a
unit stator current operation cycle is realized. The implementation method and principle
are explained in detail in the next section.

3.2. Clamping PWM Modulation Strategy

When the motor runs at high speed and low carrier ratio conditions, the amplitude
of current fluctuations and the total harmonic distortion (THD) of the current are large.
Therefore, it is necessary to analyze the relationship between power devices switching
state and current fluctuation. Since the phase difference of the ABC phase is 120°, this
paper takes the analysis of the A-phase current ripple as an example. According to the
relationship between the three-phase static coordinate system and the two-phase static
coordinate system, A-phase current and voltage can be expressed as:

Bring (14) into (7):
) d . .
up = Rgip + Lsa(ZA) — Wel sm(@e) (15)

The harmonics of PMSM can be divided into low-frequency harmonics and high-
frequency harmonics. For low-frequency harmonics, they can be reduced by optimizing
the motor design and improving the magnetic field distribution of the permanent mag-
net [20]. For high-frequency harmonics, it is necessary to design an improved algorithm
and optimize the modulation strategy to reduce the harmonic content. Assuming that the
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input voltage contains only high-frequency harmonics, the A-phase fundamental voltage
can be approximated:

. d . .
up = Rgipsr + Lsa(%f) — Welpgsin(be) (16)

Therefore, the harmonic voltage equation can be obtained:

UAR = UA — Upf (17)

where the u, is the instantaneous voltage and the u 4 is the fundamental voltage.
Because the effect of resistance is largely negligible when the motor is running at a
high-speed condition, (18) can be obtained from Equation (16):
dian
~Ls——— 18
UAh T ( )
As seen from (14), us can be represented by u«. ua can be synthesized by calculating
the basic voltage vector [21]. Therefore, the calculation formula of A phase current harmonic

is shown in (19):
. UA — Uy
Nipp = AT————

Ls
Taking sector II as an example, when the motor adopts the traditional SVPWM modu-
lation strategy, the switching state and current fluctuation within a carrier cycle, as shown
in Figure 3, where 19 and uay are zero vectors and Ty and T7 are their duration. ua;
represents the first effective voltage vector synthesized by the three-phase switching action
of the inverter in the first half of the carrier cycle, Ty is its duration, 1, represents the first
effective voltage vector in the second half of the carrier cycle, and T is its duration. The
effective voltage vector combined with its action time can generate control voltage applied
to the motor.

T;cd \ / |
Tinin

(19)

Sh
5. |
2 o~ Upo - UAL Ua7 Up2
N
35 . : Aisg
3 g iA0 %1 | Ains
58 !
"= | 70 Tl 7T T
<7 | .
0 72 T

Figure 3. Schematic diagram of three-phase switching state and A-phase current fluctuation in
sector IL
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The A phase current fluctuation generated by each voltage vector acting on the motor
can be calculated by (19), as shown in (20) and (21).

AiAO — MAoLuAfo To
Aipr = %Tl (20)
Aipamax = maX{ |Aipol,  |Aiao+ Ainq| }

AiAO — MA7ZS”Af7 T,
Nigy = Y2 tan T, 1)
Nipmaxt = max{ |Aipz|, [Aipz+ Aipal }

The maximum fluctuation of A phase current in the first and second half carrier
cycles can be obtained. The improved prediction model proposed in this paper and the
control algorithm based on the traditional SVPWM modulation strategy were simulated
and analyzed when the motor ran at different conditions. Following that, (20) and (21)
were used to analyze the A phase current fluctuations.

Figure 4 shows the A phase current fluctuation when the modulation degree is 0.88
and 1, respectively. At this point, the motor is running at 8000 r/min and the switching
frequency is 5 kHz.

o
1

1.6

0.8+ ~|IL—/ = ﬂ
A ) ey e

A-phase current
fluctuation(A)
=
=l

[l

2o odmSno, o m 2noodAm Smoo
3 3 3 3 3 3 3 3
angle(rad) angle(rad)

Figure 4. Current fluctuation with different modulation.

Figure 5 shows the A phase current fluctuation when the modulation degree is 1. At
this point, the motor is running at 8000 r/min and the switching frequency is 8 kHz and

4 kHz, respectively.
= ~1.67 1.67 Switching '
= f__é, ' Switching [ frequem,)j :
3 S trequenw 8kHz - =4kHz :
= ().8- &4
“g’ g r'_I—L "L J—ﬁ;ﬂ—u 1 j—‘*
5 S L LP*
< = _
4
nom 4o Ez_“nﬂsnz
3 3 3 3 3 3 3 3
angle(rad) angle(rad)

Figure 5. Current fluctuation under different carrier ratio.

Figures 4 and 5 show that the A phase current fluctuation is very large and significantly
higher than the other sectors in sectors II and V. Therefore, this phenomenon will be
analyzed and improved. It is worth noting that the current fluctuation analysis is based on
the A phase. The B and C phase current fluctuation is consistent but is behind the A phase
2/3mand 4/3m.
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Taking sector II as an example, it can be seen from the above analysis that when the
motor is running at a high-speed condition, the dwell time of the effective vector will
increase, and the current fluctuation will become very large. In order to reduce the current
fluctuation generated by ua1 and ux», it can be considered to split their action times, which
can theoretically halve the amplitude of the current fluctuation. The two parts of a carrier
cycle can be regarded as two independent control cycles. Therefore, this paper sets the
control algorithm to be executed twice in a carrier cycle so that the voltage vectors can be
synthesized twice in each carrier cycle [22]. Sampling and control are carried out at both
the beginning and middle of a carrier cycle to further reduce the delay error and improve
the accuracy of the algorithm, as shown in Figure 6.

N\

! | |

! I I

Timax \\ | !
I I

I

ml

|
|
T
|
1
|
I
I

m?2

fmin

' \//

e

772 T
Figure 6. Splitting active vector three-phase switching state in dual-sample dual-update strategy.

The modulation strategy increases the switching frequency, as shown in Figure 6,
which is difficult to meet the requirements of actual working conditions. According to
existing research, when the motor is running at a high-speed condition, the modulation
degree is a large value, and the zero vector operation time is relatively short [23]. Therefore,
the three phase duty ratio T,, Ty, and Te(Ta, T, Tc€(0,1)) can be analyzed and adjusted,
which are denoted as Trmax, Tmed, and Tmin in Figure 7. As shown in Figure 7, the formation
process of the improved clamping modulation strategy is demonstrated, as shown in
Figure 7a for the traditional modulation strategy, the c-phase bridge leg acts once in the
unit carrier cycle, but when the motor is running at high speed, the modulation degree
is high, and the c-phase bridge leg action time is very short, so the modulation strategy
shown in Figure 7b was used to clamp this bridge leg. According to (21) and (22), the
duty cycle was recalculated, and T),.q was readjusted to obtain the improved clamping
modulation strategy proposed in this paper, as shown in Figure 7c. At this time, the middle
phase bridge leg operates twice in the unit carrier cycle, reducing the continuous action
time of the active vector, which will facilitate the reduction of current fluctuations. Thus,
the variable switching frequency control of the power devices within a unit stator current
cycle was realized without increasing the switching frequency, and the improved strategy
reduces the current ripple and improves the current quality.
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Figure 7. Comparison diagram of three-phase switching state and A-phase current fluctuation with
different modulation strategy in sector II. (a) represents double-sampling and double-updating non-
clamping modulation, (b) represents double-sampling and double-updating clamping modulation,
and (c) represents the improved clamping modulation used in this paper.

The double-sampling and double-updating non-clamping modulation strategy is
gradually adjusted to the improved clamping modulation strategy used in this paper.
Within a carrier cycle, the smallest phase is always in a clamping state through (21), and
the duty ratio of the other two phases is recalculated, as shown in Figure 7b.

Tmaxl =1
Tmedl = Iined + 1 — Tax
Tmin1 = Tmin + 1 — Tmax

(22)

Then, the active time of the intermediate vector was divided by (22). The intermedi-
ate phase Tp,.q1 was divided into two segments, respectively: ty1 and fyy, as shown in
Figure 7c, which realizes the splitting of the intermediate active vector and effectively
reduces the A phase current fluctuation.

tyg=1—d/2
b = Tmedl —d/2
d= Tmedl — Tmin1

(23)

The various switching frequency deadbeat predictive current control strategy in this
paper is shown in Figure 8.

Within a carrier cycle, information such as stator current and rotor angle was sampled
once at Ty moment, and the duty ratio is updated once; sampling once at T, 5 moment,
and the duty ratio was updated once. That is the double sampling and double updating
control strategy. Combined with the proposed clamping modulation strategy, the dynamic
and steady performance of the motor system was improved, and the output current
fluctuation was reduced on the premise that the switching frequency was not increased.
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ik + 0.5 (k +1)
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I_*‘(k) dgfap |ik +0.50i; (% + 11 Rquation(13)
4
i g (k +1)
6.(k) iy (k+ 030" (k+De (k +0.5)
6.(k +0.5) i e+ OSN (ke + 1) [, (k +1)

Delay
compensation
Equation(12)

-

Z—l

w, (k) (k+0.5)| | i (k)i (k+0.5)
tty (k) (k +0.5)| | iy (A )iy (K +0.5)
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s ;I 4 th B e
gJC (k i iahe
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Figure 8. Block diagram of variable switching frequency deadbeat predictive current control.

4. Simulation and Experimental Results
4.1. Simulation Results

In this section, the proposed improved deadbeat predictive current control strategy
is simulated and analyzed on Matlab/Simulink. The parameters of SPMSM are shown in
Table 1.

Table 1. Rated parameters of PMSM.

UN/V IN/A PN/I(W TN/N~m wN/r/min Pn lemH RS/Q lIJf/Wb
540 19.3 3.7 11.8 3000 2 32 0.38 0.145

In order to verify the effectiveness of the improved prediction model in Section 3.1,
the prediction model was simulated at 8000 r/min, as shown in Figures 9 and 10 for
the simulation results when the motor is running at 8000 r/min, and it was found that
ig and iq show a large tracking error when the traditional prediction model is used for
the simulation. It can be found that the iy and iq tracking accuracy is improved when
the prediction model proposed in this paper is used. The effectiveness of the improved
prediction model proposed in this paper was verified.

[50ms/div] [50ms/div]
= — —5,
§ \L S g
< lq v
=, [Py S, -
= T lq .E’O |
0-
0.1s 0.13s 0.1s 0.13s

Figure 9. Traditional prediction model d-q axis current waveform at 8000 r/m.
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Figure 10. Improved prediction model d-q axis current waveform at 8000 r/m.

In order to verify the effectiveness of the improved modulation strategy proposed in
Section 3.2, the simulation of the improved modulation strategy was verified at 13,000 r/min,
as shown in Figure 11. It is worth noting that since the effectiveness of the improved pre-
diction model has been verified in the previous simulation, the improved prediction model
is still used in this set of simulations. From the analysis of the simulation results, it is clear
that the current waveform is more sinusoidal with the improved modulation strategy.
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Figure 11. d-q axis current and A-phase current waveform at 13,000 r/min. (a) represents traditional
PWM modulation, (b) represents improved PWM modulation.

4.2. Experimantal Results

To verify the validity of the above theoretical analysis a complete set of experimental
platforms was built, as shown in Figure 12.

In the experimental system, the control unit is TMS320F28335. The carrier frequency
of the control system is set at 5 kHz, and the control cycle is 100 pus. The load motor
is controlled by a Siemens 5120 frequency converter and is coaxially connected to the
experimental motor. The experimental motor parameters are shown in Table 1.
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Figure 12. Experimental platform.

Figure 13 shows the experimental results when the motor runs at 8000 r/min and the
carrier ratio is 18. The carrier ratio was calculated according to the ratio between the carrier
frequency and motor operating frequency corresponding to the traditional fixed switching
frequency predictive current control strategy. It is worth noting that the traditional PWM
modulation strategy was used in both experiments. By comparing the current waveform in
Figure 13, it can be seen that using the traditional prediction model for this experiment,
when ig steps from 0A to 2A, the d-q axis current starts to show tracking errors, and there
is a tracking error of about 1A between iq and iqref, as when ig changes to 4A, the error
between iq and iqu increases, and there is a tracking error of about 1.4A. Meanwhile, the
tracking error of iy increases with the increase of iq. However, iq can always track iqref
when using the improved prediction model considering the change of rotor position angle,
and the i4 basically has no tracking error. The reason for the above experimental results
is that when the carrier ratio is reduced, the traditional prediction model obtained by
the approximation cannot meet the accuracy required by the model under this working
condition. Meanwhile, the current harmonic content is increased under the low carrier ratio
condition, which also amplifies the tracking error of the d-q axis current. The improved
prediction model established in this paper fully considers the error of the prediction model
under low carrier ratio conditions.

Figure 14 shows the waveforms of iy, iq, and i; when the motor is running at
8000 r/min. At this time, since the advantages of the improved prediction model pro-
posed in this paper have been proved by the experiment in Figure 13, the improved
prediction model was adopted in subsequent experiments. By comparing the current
waveforms in Figure 14a,b, it can be seen that the iy and ig can track the reference value
well. Therefore, the improved modulation strategy added to the control algorithm does not
affect the current control.

In order to get the difference of phase current more directly, the FFT analysis was
compared, as shown in Figure 15. The current distortion rate is significantly smaller with
the effect of the improved modulation strategy.
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Figure 13. d-q axis current and A-phase current waveform at 8000 r/min and carrier ratio about 18.
(a) represents traditional prediction model, (b) represents improved prediction model.
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Figure 14. d-q axis current and A-phase current waveform at 8000 r/min and carrier ratio about 18.
(a) represents traditional PWM modulation, (b) represents improved PWM modulation.

Figure 16 shows the experimental results of the carrier ratio of 11 at the speed of
13,000 r/min. At this time, since the advantages of the improved prediction model proposed
in this paper have been proved by the experiment in Figure 13, the improved prediction
model was adopted in subsequent experiments. In Figure 16, the improved prediction
model for the low carrier ratio proposed in this paper is adopted, while in Figure 16a, the
traditional SVPWM modulation strategy is adopted. It can be seen that when the motor is
running at a low carrier ratio condition, the d-q axis current in Figure 16 can also track the
current reference value well, but the peak value of the A phase current fluctuates about 24,
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and the sinusoidal current waveform is poor. Figure 16b shows the results of adopting the
proposed clamping modulation strategy. It is obvious that the fluctuation at the peak of
the A phase current is significantly reduced, and the current waveform is more sinusoidal,
which proves the effectiveness of the improved clamping modulation strategy proposed in
this paper under the condition of high speed and low carrier ratio conditions.

Fudamental(266.7Hz)=7.835,THD=13.65% Fudamental(266.7Hz)=7.96,THD=10.85%
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Figure 15. THD analysis of the phase current at 8000 r/min and carrier ratio about 18. (a) represents
the current THD analysis of traditional PWM modulation, (b) represents current THD analysis of
improved PWM modulation.
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Figure 16. d-q axis current and A-phase current waveform at 13,000 r/min and carrier ratio about 11.
(a) represents traditional PWM modulation, (b) represents improved PWM modulation.

In order to observe the difference in current distortion rate more directly, the FFT
analysis of phase current in Figure 16 and the current THD comparison are shown in
Figure 17. The improved clamping modulation strategy proposed in this paper is obviously
superior under the condition of high speed and low carrier ratio, which is consistent with
theoretical analysis.
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Figure 17. THD analysis of the phase current at 13,000 r/min and carrier ratio about 11. (a) represents
the current THD analysis of traditional PWM modulation, (b) represents the current THD analysis of
improved PWM modulation.

Figure 18 shows the inverter’s three-phase switching state and three-phase current
waveform and an enlarged diagram corresponding to Figure 16b. It can be seen from
Figure 18 that the switching state of the power devices changes compared with the tradi-
tional SVPWM modulation strategy, and the splitting of the intermediate effective vector
is realized in the one-phase switching clamping state without increasing the switching
frequency. That is, the switching action is still six times in the unit carrier cycle, which is
the same as the switching cation times in the unit carrier cycle in the traditional SVPWM
modulation strategy. However, from the point of view of the unit stator current cycle,
the three-phase switching state rotation clamping is achieved, and the variable switching
frequency control of the power devices is realized, which is consistent with the theoretical
analysis. In addition, under the improved PWM modulation strategy, the switching time
within the first and second half carrier cycles is not equal, which is the result of the more
accurate synthesized voltage vector and duty ratio. The improved clamping modulation
strategy proposed in this paper can improve the current waveform when the motor is
running at high speed and low carrier ratio conditions, reduce the current fluctuation
without increasing the switching frequency, and optimize the quality of the motor current.

Zoom Trigger Time: 2020/11/19 21:25:03.000000 Number of Date: 5,001 Sampling Interval: 800.00ns  Zoom Trigger Time: 2020/11/19 21:25:03.000000 Number of Date: 5,001 Sampling Interval: 800.00ns

5.0 ~ [400.00us/div] | 1 400.00us/div]

g [T |M}J\ﬂj R MJM i
1 9 Z o= A ' .
3 Sl T S R "l
n . : e f I \
S R 1 1R i
:28 {5 [20.00us/div] o N [20.00us/div]
2 § e T ]
g‘: : RO SURRREN USRI
e S D =
<= 8
:Szw .................................... - _20.044-- rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
3.4164480 [s] 3.4264480 3.4164480 [s] 342644380

Figure 18. Three-phase switch state and current waveform on improved PWM modulation strategy
at 13,000 r/min and carrier ratio at about 11.
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5. Conclusions

Based on the analysis of the phenomenon that the dynamic and steady-state perfor-
mance of permanent magnet synchronous motor decreases when it runs at high speed
and low carrier conditions, this paper proposes a variable switching frequency deadbeat
predictive current control strategy. The main conclusions are as follows.

Firstly, the error causes of the traditional prediction model in high speed and low
carrier ratio operation were analyzed, and the prediction model suitable for low carrier
ratio conditions was established on the x-f3 axis. Because the nonlinear change of the back
EMF is considered in this model, the proposed prediction model has higher stability when
the motor is running at high speed and low carrier ratio conditions. Secondly, the current
fluctuation and harmonics are large in the case of the low carrier ratio with the traditional
deadbeat predictive current control with the traditional modulation strategy. In this paper,
by introducing clamping mode and adjusting the switch sequence, a variable switching
frequency deadbeat predictive current control strategy was proposed.

The proposed method was compared with existing methods to derive a simple and
effective prediction model that was applicable to high speed and low carrier ratio conditions.
Then, the current harmonics during the motor operation under the improved model are
analyzed and an improved modulation strategy were proposed to reduce the current
harmonics at high speed and low carrier ratio conditions. The improved modulation
strategy proposed in the paper is simple and effective, which can reduce the current
harmonics while retaining the advantage of high dynamic response. Under the high speed
and low carrier ratio condition, the proposed method not only ensures the current tracking
accuracy and dynamic performance but also improves the current quality. The improved
method is suitable for different motor types for current harmonic reduction at high speed
and low carrier ratio conditions, which provides a good current control method.
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