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Abstract—This paper analyzes the conventional dq-
frame model-based deadbeat predictive current control 
(DBPCC) methods for high-speed permanent magnet 
synchronous machine (PMSM) drives with low switching–
to–fundamental frequency ratios (SFRs). It shows that the 
state-of-the-art compensation schemes of control delay 
and rotor movement effect can improve the control 
performance but the problem still arises at very high 
speeds with very low SFRs. Therefore, this paper presents 
a novel DBPCC method for high-speed PMSM drives. The 
proposed method tracks the machine stator flux vector in 
the stationary frame to achieve deadbeat control of the dq-
axis currents. The control delay and rotor movement effect 
are both precisely considered. Consequently, the control 
performance and stability of the proposed DBPCC can be 
guaranteed at high speeds. Extensive simulations and 
experiments have been performed on a prototype high-
speed PMSM drive. The effectiveness of the proposed 
method and its superiorities against the field-oriented 
control (FOC) and the conventional DBPCCs have all been 
demonstrated. 

 
Index Terms— Deadbeat predictive current control, high-

speed permanent magnet synchronous machine, low 
switching-to-fundamental frequency ratio, flux tracking. 

I. INTRODUCTION 

ue to high efficiency and high power density, high-speed 

permanent magnet synchronous machine (PMSM) drives 

have currently been widely researched for many applications, 

including electric vehicles [1], more electric aircrafts [2], [3], 

high-speed spindles, and compressors, etc [4]. The high-speed 

drive usually features high fundamental frequencies, e.g. 2 kHz 

for a starter/generator of aircrafts [2], [3]. Given the switching 

frequency limit of semiconductor devices, such as 10~20 kHz 

typically for IGBTs, the high-speed PMSM drive can exhibit 

very low switching-to-fundamental frequency ratios (SFRs).  
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Fig. 1 shows the typical timing sequence of a digital 

controller [5], where at each step the phase currents are sampled 

and the stator voltage reference for the next step are 

synthesized. With the superior dynamic response and higher 

voltage utilization, space vector modulation (SVM) is usually 

employed. The sampling/control period, Ts is usually set as the 

same as or half of the switching period. Hence, the low SFRs 

will also lead to low sampling-to-fundamental frequency ratios. 

As can be seen, the control delay consists of both the one-step 

processing (i.e. sampling and calculation) delay and the PWM 

delay since the stator voltage or PWM signals can only be 

updated at the beginning of each step and take one step to 

complete. For high-speed PMSMs with low SFRs, the control 

delay can be very large. As a result, it would significantly 

deteriorate the dynamic response and may cause oscillation and 

even instability of the drive system [5]–[7]. Thus, the 

investigation on robust and high bandwidth control of high-

speed PMSM drives with low SFRs are of great importance. 

 
Fig. 1 Typical timing sequence diagram of a digital motor controller. 
 

Extensive researches have been reported to improve the 

classic field-oriented control (FOC) for high-speed PMSM 

drives with low SFRs [5]–[8]. The control delay can be simply 

modelled as a first-order system with the time constant of 1.5Ts 

and compensated accordingly based on the complex vector 

transfer function [8]. However, the majority of the researches 

to address this problem are based on the more accurate zero-

order holder inverter model [5]–[7], in which the inverter output 

voltage in the stationary frame is assumed constant over a time-

step. Based on this inverter model, the control delay is 

effectively caused by the rotor movement during the control 

period [5]. The resultant phase delay and the magnitude 

distortion of stator voltage vector can be analytically derived 

and compensated. This delay compensation method can 

effectively extend the operating speed range and enhance the 

control performance of PMSM at high speeds [5]. However, as 

reported in [6], when the SFR is less than 10, the high-speed 

drive could lose stability even with the delay compensation and 
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accurate machine parameters. A solution which employs the 

complex vector current regulator with one-step prediction for 

active damping was proposed in [6] to stabilize the FOC at very 

low SFRs. However, the current dynamic response was 

compromised and the cause of the stability problem with SFR 

less than 10 was not clearly understood. A discrete current 

regulator synthesized based on the z-domain machine model 

was proposed in [7]. It has been shown by the z-domain analysis 

that the current control with the directly synthesized discrete 

current regulator is best among various current regulator 

designs under the FOC and can give stable control at very low 

SFRs. However, this method is not experimentally evaluated 

for SFR<12. Moreover, although stable control can be achieved 

by the appropriate design of the FOC current controller, the 

available control bandwidth will decrease as the SFR reduces. 

Therefore, the control techniques with the well-known 

advantage of fast dynamic response, such as direct torque 

control [9], finite-control-set model predictive control (FCS-

MPC) [10], and deadbeat control [11], [12], [21], [13]–[20] are 

more attractive for high-speed PMSM drives with low SFRs. 

Among these methods, the deadbeat control is more superior 

since it incorporates SVM and can contribute to both fast 

dynamic response and low current harmonics with constant 

switching frequency. The deadbeat control can be further 

divided to two groups, i.e. deadbeat predictive current control 

(DBPCC) [12]–[21] and deadbeat direct flux and torque control 

(DB-DTFC) [11]. Compared to DB-DTFC, DBPCC does not 

require complicated flux and torque observer and the 

calculation of the reference voltage vector is simpler. Hence, 

DBPCC is regarded more attractive for high bandwidth control 

of high-speed PMSM drives [17], [18] and thereby further 

investigated in this paper. 

The DBPCC is usually based on the discretized machine 

model in the dq frame and constitutes two steps [12]–[18], i.e., 

the one-step current prediction and the calculation of the stator 

voltage to realize deadbeat control. By one-step current 

prediction, the one-step processing delay can be well 

compensated with the accurate machine model. Moreover, 

extensive studies have been carried out to increase the 

parameter robustness of DBPCC [15]–[17]. However, the rotor 

movement effect, which causes the so-called PWM delay in 

FOC [5], is usually neglected in the literatures on DBPCC. It 

will cause the similar problem in DBPCC because of the rotor-

position dependent conversion of the reference voltage from the 

rotational frame to the stationary frame. Only a few literature 

[18] for high-speed PMSM drives pays attention to this problem 

and compensates the rotor movement based on the zero-holder 

inverter model, same as that for FOC [5]. However, as will be 

analyzed and demonstrated in this paper, this kind of 

compensation is not sufficient for DBPCC at high speeds with 

very low SFRs. 

Instead of using the dq-frame based machine model, the 

stationary frame-based voltage model of PMSMs can be 

employed for DBPCC, so that the synthesized reference voltage 

vector is in the stationary frame and its implementation by SVM 

will not be affected by the rotor movement. However, the rotor 

movement and one-step processing delay effects on the current 

and reference voltage predictions have not been precisely 

considered in the existing literature. In [19], the stationary 

frame based model is employed, but the rotor movement 

influence on the back EMF is neglected. As presented in [20], 

the large rotor movement in high speed can still cause a large 

prediction error in current using the stationary frame-based 

voltage model of PMSMs by linear current approximation. In 

[21], a stator flux controller is employed to control the phase 

current of high-speed PMSM. It is not affected by the rotor 

movement, however, it requires the look-up-table (LUT) 

between phase current magnitude and phase flux. Moreover, it 

does not generally apply to current vector control with any 

combination of d- and q-axis currents and one-step current 

prediction is not included. 

With the emerging wide band gap (WBG) semiconductor 

devices technology [22], higher switching frequency can be 

employed. While this can circumvent some problems of the 

conventional control methods at a high speed by increasing the 

operating SFRs, the high dv/dt and high switching frequency of 

WBG devices may lead to many undesired problems, such as 

intensified parasitic influences and oscillations, increased 

electromagnetic interference (EMI), accelerated insulation 

degradation, etc. Besides, in general, the control challenge with 

low SFRs still exists at higher speeds for an optimal solution 

when the fundamental frequency further increases. 

Based on the foregoing literature review, this paper will 

focus on the analysis of rotor movement influence on the 

conventional dq-frame based DBPCCs and develop a novel 

DBPCC for high-speed PMSM drives with low SFRs. The main 

contributions of this paper can be summarized as follows. 

1) To the best of the authors’ knowledge, this paper 
demonstrates for the first time the problem of the dq-frame 

based DBPCCs at high speeds and suggests their appropriate 

applicable SFR ranges, accordingly. 

2) A novel DBPCC based on the stator flux vector tracking 

in the stationary frame is proposed, in which the processing 

delay and the rotor movement effects in high-speed PMSM 

drives are both precisely taken into accounts. The control 

performance of the proposed method is hardly affected by the 

high operating speeds of PMSM. It can realize excellent 

deadbeat control of dq-axis currents in two time-steps and 

without cross-coupling in the whole speed and SFR ranges. 

II. CONVENTIONAL DBPCCS AND ROTOR MOVEMENT 

COMPENSATION 

For notational convenience, the complex vector 

representation of PMSM models is employed in this paper [23]. 

In the complex vector models, the current, voltage, flux vectors 

in the dq-frame/-frame are expressed by complex numbers, 

with the d-axis/-axis as the real axis and q-axis/-axis as the 

imaginary axis, e.g. the dq-axis current vector is expressed as 𝒊𝑑𝑞 = 𝑖𝑑 + 𝑗 ∙ 𝑖𝑞 , where 𝑗 is the imaginary operator, 𝑖𝑑  and 𝑖𝑞  

are the d-axis current and q-axis current, respectively.  

Ignoring space and time harmonics, the PMSM model in the 

dq frame is given by 𝒖𝑑𝑞 = 𝐿𝑠 𝑑𝒊𝑑𝑞𝑑𝑡 + 𝑅𝒊𝑑𝑞 + 𝑗𝜔𝑒(𝐿𝑠𝒊𝑑𝑞 + 𝜓𝑚) (1) 

where, 𝒖 and 𝒊 denote the stator voltage and current vectors, 

respectively; the subscript, dq denotes the variable in the dq 
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frame; 𝐿𝑠  is the synchronous inductance; 𝑅  is the phase 

resistance; 𝜔𝑒 is the electric angular speed and 𝜓𝑚 is the PM 

flux linkage. For interior mounted PMSMs (IPMSMs), the d-

axis inductance, 𝐿𝑑 , and q-axis inductance, 𝐿𝑞 , should be 

employed for the corresponding axes, respectively.  

By forward Euler approximation, the discrete model of 

PMSM can be obtained as (2), where 𝑇𝑠 is the sampling/control 

period, (𝑘) denotes the quantities at step 𝑘. In this paper, to 

investigate the worst-case scenario, 𝑇𝑠  is set equal to the 

switching period.  𝒖𝑑𝑞(𝑘) = 𝐿𝑠 𝒊𝑑𝑞(𝑘 + 1) − 𝒊𝑑𝑞(𝑘)𝑇𝑠 + 𝑅𝒊𝑑𝑞(𝑘)+ 𝑗𝜔𝑒(𝐿𝑠𝒊𝑑𝑞(𝑘) + 𝜓𝑚) 

(2) 

A. Conventional DBPCC without rotor movement 
compensation 

The DBPCC incorporates two procedures, namely, 

predicting the next step currents and synthesizing the reference 

voltage vector in the subsequent step to achieve dead-beat 

control of the reference currents. 

According to (2), the dq-axis currents at the next sampling 

instant, �̂�𝑑𝑞(𝑘 + 1) can be predicted by �̂�𝑑𝑞(𝑘 + 1) = 𝑇𝑠𝐿𝑠 [𝒖𝑑𝑞(𝑘)  − 𝑅𝒊𝑑𝑞(𝑘)− 𝑗𝜔𝑒(𝐿𝑠𝒊𝑑𝑞(𝑘) + 𝜓𝑚)] + 𝒊𝑑𝑞(𝑘) 

(3) 

where the actual dq-axis voltage vector,  𝒖𝑑𝑞(𝑘)  is usually 

assumed equal to the reference, 𝒖𝑑𝑞∗ (𝑘) , synthesized at the 

previous step; the cap, ^, denotes the estimated value and the 

superscript, *, denotes the reference value.  

With the predicted currents,  �̂�𝑑𝑞(𝑘 + 1)  and the given 

reference currents, 𝒊𝑑𝑞∗ , the reference dq-axis voltages in step 𝑘 + 1, i.e. 𝒖𝑑𝑞∗ (𝑘 + 1) can be synthesized as 𝒖𝑑𝑞∗ (𝑘 + 1) = 𝐿𝑠 ∙ 𝒊𝑑𝑞∗ − �̂�𝑑𝑞(𝑘 + 1)𝑇𝑠 + 𝑅�̂�𝑑𝑞(𝑘 + 1)+ 𝑗𝜔𝑒(𝐿𝑠 �̂�𝑑𝑞(𝑘 + 1) + 𝜓𝑚) 

(4) 

Assume that the speed is constant during the control steps, 

the reference -axis voltages, 𝒖𝛼𝛽(𝑘 + 1)∗ can be derived as  𝒖𝛼𝛽(𝑘 + 1)∗ = 𝒖𝑑𝑞(𝑘 + 1)∗ ∙ 𝑒𝑗(𝜃𝑒(𝑘)+𝜔𝑒𝑇𝑠)
 (5) 

where, the subscript,  denotes the variable in the  frame; 𝜃𝑒 is electrical angular position of the rotor; 𝑒 is the base of the 

natural logarithmic function and 𝑒𝑗𝑥  represents the anti-

clockwise rotation of a vector by x radian. 

With SVM, the synthesized reference voltage vector in (5) 

can then be implemented by the inverter. 

As can be seen, by the one-step current prediction in (3) and 

the coordinate transformation in (5), the one-step processing 

delay of the digital control is compensated. However, the rotor 

movement during the PWM implementation process are not 

accounted. Hence, in this paper, the DBPCC based on (3)~(5) 

is referred to as conventional DBPCC without rotor movement 

compensation. 

B. Conventional DBPCC with rotor movement 
compensation 

To compensate the rotor movement effect, the zero-order 

holder inverter model is usually employed in the literatures [5], 

[18]. It is assumed that the instantaneous stator voltages equal 

to the reference stator voltages in the stationary frame. This 

assumption implies that the reference -axis voltage is 

rotating at the same rotor speed but in the opposite direction 

viewed from the rotor. Hence, in order to have the same volt-

second or the average voltage in the dq frame as the reference 

dq-axis voltages given in (4) for the deadbeat control, the 

coordinate transformation, (5), should be modified [5] as  𝒖𝛼𝛽(𝑘 + 1)∗ = 1𝐾(𝜔𝑒𝑇𝑠) 𝒖𝑑𝑞(𝑘 + 1)∗∙ 𝑒𝑗(𝜃𝑒(𝑘)+𝜔𝑒𝑇𝑠)
 

(6) 

𝐾(𝜔𝑒𝑇𝑠) = 2𝑠𝑖𝑛(𝜔𝑒𝑇𝑠 2⁄ )𝜔𝑒𝑇𝑠 ∙ 𝑒−𝑗𝜔𝑒𝑇𝑠 2⁄
 (7) 

Fig. 2 shows the unified block diagram of the conventional 

DBPCCs. As seen, both the conventional DBPCCs consider the 

one-step processing delay. For the conventional DBPCC 

without rotor movement compensation, 𝐾(𝜔𝑒𝑇𝑠)  is set to 1 

while calculated by (7) with rotor movement compensation. 

 
Fig. 2 A unified block diagram of the conventional DBPCCs without 
rotor movement compensation ( 𝐾(𝜔𝑒𝑇𝑠) = 1 ) and with rotor 
movement compensation (𝐾(𝜔𝑒𝑇𝑠) is calculated by (7)). 

III. ANALYSIS OF CONVENTIONAL DBPCCS AT HIGH 

SPEEDS 

Ignoring the resistive voltage drops, the reference -axis 

voltage vector can be realized correctly by an ideal inverter with 

SVM. The corresponding stator flux increment in the  frame, 

namely, the voltage-second input, 𝑽𝑺𝛼𝛽(𝑘), applied to a motor 

during the kth step is given by  𝑽𝑺𝛼𝛽(𝑘) = ∫ 𝒖𝛼𝛽(𝑡𝑘 + 𝑡)𝑑𝑡𝑇𝑠0 = 𝑇𝑠𝒖𝛼𝛽(𝑘)∗
 (8) 

where 𝒖𝛼𝛽(𝑡𝑘 + 𝑡)  denotes the actual instantaneous stator 

voltage vector at the time instant of 𝑡𝑘 + 𝑡, 𝑡𝑘 is the time instant 

at the beginning of the kth step, and 𝒖𝛼𝛽(𝑘)∗ is the reference 

stator voltage vector at the kth step in the  frame. 

From (8), the volt-second input to the motor expressed in the 

dq frame can be derived as  𝑽𝑺𝑑𝑞(𝑘) = 𝑒−𝑗𝜃𝑒(𝑘) ∫ 𝒖𝛼𝛽(𝑡𝑘 + 𝑡) ∙ 𝑒−𝑗𝜔𝑒𝑡𝑑𝑡𝑇𝑠0  (9) 

Therefore, the actual average voltage in the dq frame can be 

derived as  𝒖𝑑𝑞_𝑎𝑣(𝑘) = 𝑒−𝑗𝜃𝑒(𝑘)𝑇𝑠 ∫ 𝒖𝛼𝛽(𝑡𝑘 + 𝑡) ∙ 𝑒−𝑗𝜔𝑒𝑡𝑑𝑡𝑇𝑠0  (10) 
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Further, with the reference dq-axis voltage in the kth step, 𝒖𝑑𝑞(𝑘)∗, the average realization error of the reference dq-axis 

voltage in step k can be expressed as 𝒆𝒓𝒓𝑢𝑑𝑞(𝑘) = 𝑒−𝑗𝜃𝑒(𝑘)𝑇𝑠 ∫ 𝒖𝛼𝛽(𝑡𝑘 + 𝑡) ∙ 𝑒−𝑗𝜔𝑒𝑡𝑑𝑡𝑇𝑠0− 𝒖𝑑𝑞(𝑘)∗
 

(11) 

By substituting (5) and (6) associated with step k into (11), 

the average dq-axis voltage errors can be obtained for the 

conventional DBPCCs without and with rotor movement 

compensation in (12) and (13), respectively.  𝒆𝒓𝒓𝑢𝑑𝑞1(𝑘) = [𝒖𝛼𝛽(𝑘)∗ − 1𝑇𝑠 ∫ 𝒖𝛼𝛽(𝑡𝑘 + 𝑡) ∙ 𝑒−𝑗𝜔𝑒𝑡𝑑𝑡𝑇𝑠0 ] ∙ 𝑒−𝑗𝜃𝑒(𝑘)
 

(12)  𝒆𝒓𝒓𝑢𝑑𝑞2(𝑘) = 𝑒−𝑗𝜃𝑒(𝑘)𝑇𝑠 ∫ [𝒖𝛼𝛽(𝑡𝑘 + 𝑡) − 𝒖𝛼𝛽(𝑘)∗] ∙ 𝑒−𝑗𝜔𝑒𝑡𝑑𝑡𝑇𝑠0  
(13) 

As can been seen in (12), without rotor movement 

compensation, zero voltage error can only be achieved when the 

speed is low, i.e., 𝑒−𝑗𝜔𝑒𝑡 is close to 1.  

From (13), with rotor movement compensation, if the 

assumption that the instantaneous stator voltage vector in the 

stationary frame equals to the reference one is true, zero voltage 

error can be guaranteed regardless of speed. However, as the 

SFR reduces greatly at high speeds, i.e. the rotor movement in 

a time-step, equal to 2π/SFR, increases to very large value, the 

instantaneous voltage, 𝒖𝛼𝛽(𝑡𝑘 + 𝑡) , may differ significantly 

from 𝒖𝛼𝛽(𝑘)∗ in (13), of which the integration over the time-

step is not zero and can increase as the voltage vector magnitude 

increases at high speeds. Consequently, although the rotor 

movement compensation scheme is employed, the large voltage 

error will still occur at high speeds due to relatively large rotor 

movement.  

In high-speed PMSMs, their synchronous inductances are 

usually low because the number of series connected turns in a 

phase winding is low. Consequently small average voltage 

errors expressed in (12) and (13) would finally lead to high 

current control errors, deteriorating both the transient and 

steady-state control performances. 

 
Fig. 3 Illustration of the total control error due to the average voltage 
error in (12) and (13). 
 

Additionally, the average voltage error will also affect the 

accuracy of the one-step prediction in (3) since the reference 

dq-axis voltage vector used in prediction will also be different 

from the actual one. As illustrated in Fig. 3, the difference 

between the synthesized reference average voltage and the 

actual one will contribute to both one-step prediction error and 

one-step deadbeat control error, which constitute the total 

control error. Thus, the rotor movement over the two time-steps 

rather than only a time-step will influence the control 

performance of DBPCC and it can be very large at high speeds. 
 

TABLE I 
PARAMETERS OF THE PROTOTYPE HIGH-SPEED PMSM DRIVE 

Parameter Magnitude 

Number of poles pairs 2 

Phase resistance 20 mΩ 

d-axis inductance 125 H 

q-axis inductance 134.2 H 

PM flux linkage 9.83 mWb 

Rated phase current (peak) 50 A 
Rated torque 1.5 Nm 

Rated speed 30,000 rpm 

Rated power 5 kW 

DC-link voltage 270 V 

Switching/Sampling frequency 10 kHz 
 

 
(a) 

 
(b) 

Fig. 4 Speed, torque and sampled dq axis current waveforms of the 
prototype high-speed PMSM drives accelerating form standstill to 
50,000 rpm with 10% rated load torque and the speed control 
bandwidth of 50 Hz, using the conventional DBPCC (a) without 
compensation (b) with compensation. 
 

It is worth mentioning that the resultant current errors in 

steady states could potentially be compensated in a disturbance-
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observer based DBPCC [15]–[17]. However, in transients with 

deadbeat control, since the disturbance caused by the average 

voltage error can be significant, the transient performance 

degradation cannot be dealt with easily for the drive with low 

SFRs even if the structure of the disturbance observer is very 

complex [24]. 

By way of example, the simulation results in Fig. 4 

demonstrate the problems caused by the aforementioned 

average voltage errors of the conventional DBPCCs at high 

speeds, where the high-speed machine is accelerated from 0 to 

50,000 rpm (SFR=6). The parameters of the prototype machine 

drive are given in Table I and the detailed simulation conditions 

are introduced in Section V. As can be seen from the 

waveforms, as the machine speed increases, large control errors 

will occur in both the dq-axis currents. Without rotor movement 

compensation, the conventional DBPCC cannot achieve the 

reference speed since the large positive d-axis current has 

caused voltage saturation. With rotor movement compensation, 

the control performance improves but the current errors are very 

significant at higher speeds where large current ripples and 

oscillations can be seen when the speed reaches the steady state. 

IV. PROPOSED DBPCC 

A novel DBPCC robust to the large rotor movement at high 

speeds is proposed in this section. The proposed DBPCC also 

consists two steps, i.e. one-step prediction of stator flux and 

current, and reference voltage synthesis of deadbeat control. 

However, these two steps are fundamentally based on the 

machine model in the stationary frame, i.e. 𝝍𝛼𝛽 = ∫(𝒖𝛼𝛽 − 𝑅𝒊𝛼𝛽)𝑑𝑡 (14) 

where 𝝍 denotes the stator flux vector. 

A. One-step prediction of stator flux and current 

Neglecting the inverter nonlinearity, the integration of stator 

voltage over time can be assumed as the product of the 

reference stator voltage and time-step. Hence, using forward 

Euler approximation, (14) can be discretized as 𝝍𝛼𝛽(𝑘 + 1) = 𝝍𝛼𝛽(𝑘) + 𝑇𝑠𝒖𝛼𝛽(𝑘)∗−𝑅𝑇𝑠𝒊𝛼𝛽(𝑘) (15) 

It should be noted that, according to the principle of SVM, 

(15) gives an accurate estimation of the voltage integration 

component in (14) and is independent of the rotor movement. 

The discretization error is only determined by the estimation 

error on the resistive voltage drop, i.e. ∫ 𝑅𝒊𝛼𝛽𝑑𝑡 −𝑅𝑇𝑠𝒊𝛼𝛽(𝑘). 

It is negligible at high speeds and can be reduced effectively 

using the trapezoidal approximation when the resistive voltage 

drop needs to be accounted. 

Considering the current-flux model of PMSMs, 𝝍𝑑𝑞 = 𝐿𝑠𝒊𝑑𝑞 + 𝑚  (16) 

the stator fluxes at step k in the synchronous and stationary 

frames can be obtained respectively as 𝝍𝑑𝑞(𝑘) = 𝐿𝑠𝒊𝑑𝑞(𝑘) + 𝑚 (17) 𝝍𝛼𝛽(𝑘) = [𝐿𝑠𝒊𝑑𝑞(𝑘) + 𝑚] ∙ 𝑒𝑗𝜃𝑒(𝑘)
 (18) 

Substituting (18) into (15) gives the predicted stator flux at 

step k+1, 𝝍𝛼𝛽(𝑘 + 1) = [𝐿𝑠𝒊𝑑𝑞(𝑘) + 𝜓𝑚] ∙ 𝑒𝑗𝜃𝑒(𝑘)+ 𝑇𝑠𝒖𝛼𝛽(𝑘)∗−𝑅𝑇𝑠𝒊𝛼𝛽(𝑘) 
(19) 

The motor speed can be regarded as constant due to the 

relative large mechanical time constant compared to the control 

time-step, thus the rotor position at step k+1 can be readily 

calculated as 𝜃𝑒(𝑘) + 𝜔𝑒𝑇𝑠. 

Again, considering the inverse of the current-flux model of 

PMSMs, 𝒊𝑑𝑞 = 𝝍𝑑𝑞−𝑚𝐿𝑠  (20) 

the dq-axis currents at step k+1 can be obtained from (20) as 𝒊𝑑𝑞(𝑘 + 1) = 𝝍𝛼𝛽(𝑘 + 1) ∙ 𝑒−𝑗[𝜃𝑒(𝑘)+𝜔𝑒𝑇𝑠] − 𝑚𝐿𝑠  (21) 

With (19) and (21), the one-step prediction of stator flux and 

current can be achieved. It can be found that the coordinate 

system transformation of the reference stator voltages is 

avoided and the rotor movement is explicitly taken into account 

solely based on the assumption of constant rotor speed. Hence, 

the one-step prediction is independent of the rotor movement 

during the PWM implementation process.  

It is worth noting that for the PMSMs with large nonlinearity, 

such as IPMSMs, the linear current-flux model of (17) and 

inverse current-flux model of (20) should be replaced by the 

nonlinear ones, e.g. the high-fidelity PMSM mode [25] based 

on LUTs of calibrated finite element analysis (FEA) results. 

Nevertheless, for high-speed surface-mounted PMSM 

(SPMSMs), the machine is usually linear across the operation 

range due to the relatively large effective air gap [1]–[3]. Hence, 

for simplicity, the linear current model with the measured 

inductances and PM flux linkage is used in this paper and 

proves sufficient in the later experiment results. 

B. Reference voltage synthesis of deadbeat control  

Assume that the current demands maintain unchanged over 

the time-steps, i.e. 𝒊𝑑𝑞(𝑘)∗ = 𝒊𝑑𝑞(𝑘 + 2)∗, the reference stator 

flux in the stationary frame at step k+2 is given by  𝝍𝛼𝛽(𝑘 + 2)∗ = [𝐿𝑠𝒊𝑑𝑞(𝑘)∗ + 𝑚] ∙ 𝑒𝑗[𝜃𝑒(𝑘)+2𝜔𝑒𝑇𝑠]
 (22) 

Referring back to the stationary frame model in (14) and its 

discretization of (15), the reference stator voltage in the 

stationary frame can be computed as  𝒖𝛼𝛽(𝑘 + 1)∗ = 𝝍𝛼𝛽(𝑘 + 2)∗ − 𝝍𝛼𝛽(𝑘 + 1)𝑇𝑠+ 𝑅𝒊𝑑𝑞(𝑘 + 1) ∙ 𝑒𝑗[𝜃𝑒(𝑘)+𝜔𝑒𝑇𝑠]
 

(23) 

where 𝒊𝑑𝑞(𝑘 + 1), 𝝍𝛼𝛽(𝑘 + 1) and 𝝍𝛼𝛽(𝑘 + 2)∗ are provided 

in (21), (19) and (22), respectively.  

As can be seen from (23), the reference stator voltage to 

achieve deadbeat control is obtained directly based on 

stationary frame. It can be implemented by SVM accurately and 

requires no coordinate conversion. Hence, the voltage errors in 

(12) and (13) associated with the conventional DBPCC 

methods are avoided. The control performance of the proposed 

method will not be affected by the large rotor movement at high 

speeds.  
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C. Implementation  

Fig. 5 shows the block diagram of the proposed DBPCC, 

where the inputs are the reference dq-axis current demands and 

the outputs are the reference stator voltages in the stationary 

frame. To maximize the voltage utilization, hexagon boundary 

of voltage is used rather than the inscribed circle limit. For 

simplicity and good performance, the minimum phase error 

scheme is employed i.e. when the reference voltage vector is 

outside the boundary, its phase angle is kept unchanged while 

the length is shortened to the hexagon boundary.  

Fig. 6 illustrates the high-speed SPMSM drive system with 

the speed control as the outer loop and the proposed DBPCC as 

the inner current control loop. The q-axis current reference is 

derived from the speed PI regulator and the d-axis reference is 

set to 0, however for general application if the flux weakening 

operation is required, the flux weakening schemes based on the 

feedforward or/and feedback methods [26] can be easily 

integrated in by changing the d-axis reference accordingly. 

 
Fig. 5 Block diagram of the proposed DBPCC 
 

 
Fig. 6 Block diagram of speed regulated high-speed SPMSM drive 
system with the proposed DBPCC 

V. SIMULATION STUDIES 

Extensive simulations have been performed in MATLAB/ 

SIMULINK to validate the effectiveness of the proposed 

DBPCC. The parameters of the high-speed drives are given in 

Table I. The inverter nonlinearity is not considered in the 

simulation. The switching frequency and sampling frequency 

are both set to 10 kHz. The resultant SFR is 10 at the rated speed 

of 30,000 rpm and 6 at the maximum speed of 50,000 rpm. 

A. Effectiveness of proposed DBPCC 

Simulations of the high-speed motor accelerating from 

standstill to 50,000 rpm under a constant load torque with the 

max reference q-axis current of 50 A have been performed to 

verify the effectiveness of the proposed DBPCC. As can been 

seen from Fig. 7, with the proposed method, the dq-axis 

currents can always be in good control and exactly follow the 

reference currents at any speed. The control problems with the 

conventional DBPCCs present in Fig. 4 have been effectively 

addressed. It is worth noting that the increasing ripples in the 

torque waveform is caused by the SFR reduction as the speed 

rises. The dq-axis currents shown in the figure are the sampled 

values hence free of switching ripples. 

 
Fig. 7 Speed, torque and sampled dq-axis current waveforms of the 
prototype high-speed PMSM drives accelerating form standstill to 
50,000 rpm using the proposed method. 
 

Besides, by comparing the speed waveforms in Fig. 4 (b) and 

Fig. 7, it can be seen that the motor speed response is less 

affected although with the deteriorated current/torque control 

under the conventional DBPCC with compensation. It can be 

attributed to the fact that the speed ripples caused by the high 

torque ripples are greatly damped in high-speed drives due to 

its large stored kinetic energy at high speeds. Therefore, it 

manifests comparison of speed response cannot well indicate 

the fundamental problems of the conventional DBPCCs. 

Instead, the underpinning current control performances are 

focused in this paper. 

B. Applicable SFR ranges of different DBPCC methods   

According to the previous analysis, it is the average voltage 

errors described in (5) and (6) that determine the model 

accuracy of the conventional DBPCCs. They are reflected in the 

dq-axis current control error as shown in Fig. 4, which can be 

readily measured. However, it may be difficult to directly 

identify the current control error of the conventional DBPCCs 

in the whole high-speed region, since the high-speed drive may 

lose control at high speeds. Therefore, an indirect method based 

on two-step current prediction is proposed and used in this 

section, to quantitatively evaluate the model errors caused by 

the rotor movement in high-speed region and generally identify 

the applicable SFR ranges of different DBPCC methods. 

 
Fig. 8 The general block diagram of the constructed two-step dq-axis 
current predictor for different DBPCCs. 
 

Given the intrinsic feature of two-step prediction of DBPCC, 

the proposed quantitative evaluation scheme is based on the 
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constructed two-step current predictors associated with 

different DBPCCs, as shown in Fig. 8. For the conventional 

DBPCCs, the one-step current predictor is based on (3) and (5) 

or (3) and (6), accordingly. For the proposed DBPCC, the one-

step current predictor is based on (19) and (21). The predicted 

dq-axis currents are delayed by two steps and then compared 

with the sampled values to evaluate the model error caused by 

the rotor movement in different DBPCCs. Since the proposed 

DBPCC can give stable and good current control over the whole 

speed range, the constructed two-step current predictors 

associated with different DBPCCs are implemented 

simultaneously meanwhile the high-speed machine is 

controlled by the proposed DBPCC. 

Fig. 9 plots the relative prediction errors of the two-step 

predictors as a function of SFR associated with different 

DBPCCs, when the machine speed increases from 0 to 50,000 

rpm (SFR=6). The nominal current is set to 50 A. As can be 

seen, as the SFR decreases below a critical value, the prediction 

errors rise nearly exponentially with the conventional DBPCCs. 

It can be concluded that to have the similar accuracy to the 

proposed DBPCC, the SFRs with the conventional DBPCC 

without rotor movement compensation should be higher than 

50 and that with rotor movement compensation should be larger 

than 20. Additionally, the rapid increase of prediction error 

around 10 with rotor movement compensation also provides an 

explanation for the phenomenon that the rotor movement 

compensation would lose effectiveness when the SFR is less 

than 10, as reported for FOC [6]. 

 
Fig. 9 Prediction errors of the constructed two-step predictors as a 
function of SFR, associated with different DBPCC schemes. 
 

It should be noted that in order to investigate the worst-case 

scenario, the sampling frequency is set to the switching 

frequency in this paper. Alternatively, the sampling frequency 

can be increased to the twice of the switching frequency or the 

field programmable gate array (FPGA) based oversampling 

technique [27] can be employed. In these cases, the rotor 

movement over the control period is reduced hence the effective 

SFR of control will increase at a given speed. However, the 

same analyses, results and conclusions as above can be derived 

when the effective SFR reduces to a low value at high speeds. 

VI. EXPERIMENT RESULTS 

A. Experiment set-up 

Fig. 10 shows the photos of the experiment step-up. The 

prototype high-speed motor, whose parameters are given in 

Table I, is mounted via an in-line torque transducer onto the 

dynamometer and enclosed in a concrete pit for the safety 

purpose. The control for the prototype high-speed motor drive 

is based on the real-time digital platform from OPAL, i.e. 

OP5600. The off-the-shelf three-phase IGBT power module 

SKiM459GD12E4 from SEMIKRON is used. As shown in Fig. 

10 (c), the high-speed motor drive and high-speed dyno in the 

spin pit can be operated and monitored remotely in real-time.  

 

 
(a) (b) 

  
(c) (d) 

Fig. 10. Experiment set-up. (a) High-speed motor mounted in a spin 
pit. (b) High-speed motor driver. (c) Remote operation desk. (d) 
Overall view of the test rig. 

B. Inverter nonlinearity compensation  

As is well known for predictive control, in order to obtain 

good control performance, the accurate machine model should 

be used. Hence, the measured machine parameters in Table I 

are employed for all the DBPCCs in the experiments. However, 

the inverter nonlinearity is unavoidable and can cause 

significant control error at low speed, depending on the 

switching devices being used.  

  
(a) (b) 

Fig. 11. dq-axis currents with the dead-time of 2 s and q axis current 
reference of 25A at 3,000 rpm. (a) Without any compensation. (b) 
With LUT based compensation.  
 

Fig. 11 (a) shows the sampled dq-axis currents in the steady 

state at 3000 rpm with the reference q-axis current of 25A under 

the proposed DBPCC. As can be seen, due to neglect of the 

inverter voltage drop and dead-time effect in the control 

algorithm, the q-axis current have a conspicuous offset error. 

The experiments with different q-axis current demands have 

also been performed and Fig. 12 plots the relationship between 
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the q-axis current demand and the average value of the 

measured actual q-axis current. 

To compensate the average current control error caused by 

the inverter nonlinearity, the LUT obtained from Fig. 12 is 

added between the input reference and the DBPCC controller, 

as shown in Fig. 13. As can be seen in Fig. 11 (b), after 

compensation, the current control error caused by inverter 

nonlinearity can be effectively eliminated. 

 
Fig. 12. Measured relationship between the desired q-axis current 
and the average of the actual output (without any compensation). 

 
Fig. 13. Block diagram of inverter voltage drop compensation for all 
the DBPCC methods. 
 

The tests have been repeated for high speeds and the 

conventional DBPCCs at 3,000 rpm as well. These experiment 

results are not shown since they are similar to those in Fig. 11, 

i.e. the same amounts of q-axis current error are observed 

without compensation while when the compensation is applied, 

the current control error can be effectively removed. This can 

be understood by the fact that the inverter voltage drop is only 

dependent on current and dead-time [28], and hence 

independent of speed and types of DBPCC. Thus, this LUT 

based compensation method for inverter nonlinearity is 

employed for all the DBPCCs in the subsequent experiments. 

After this compensation, the steady-state current control errors 

of DBPCCs are no longer affected by the inverter nonlinearity. 

C. Steady-state performance 

In order to investigate the influence of the machine speed on 

the current control accuracy with different DBPCCs, the 

prototype machine is operated under current control with the 

reference q-axis current of 25 A, while the machine speed is 

varied by the dynamometer. The actual machine parameters and 

the aforementioned inverter nonlinearity compensation method 

are employed.  

Fig. 14 shows the experiment results with different DBPCCs 

when the machine is accelerated from 1,000 rpm (SFR=300) to 

35,000 rpm (SFR=8.57) by the dynamometer. As can be seen, 

at low speeds with high SFRs, all the control methods exhibits 

good current control accuracy. However, as the speed rises, i.e., 

the SFR reduces, the current control errors with the 

conventional methods increases rapidly. In contrast, the 

proposed DBPCC control accuracy is hardly affected by the 

speed. Moreover, as can be seen in Fig. 14 (a) and (b), the 

performance of the conventional DBPCC without and with 

rotor movement compensation deteriorates when the speed is 

higher than 6,000 rpm (SFR=50) and 15,000 rpm (SFR=20), 

respectively. It confirms the conclusion derived from the 

previous quantitative analysis, that to obtain similar control 

performance, the SFR for the conventional DBPCC without and 

with compensation should be larger than 50 and 20, 

respectively. 

(a) (b) 

 
(c) 

Fig. 14 dq-axis currents at various speeds. (a) Conventional DBPCC 
without compensation. (b) Conventional DBPCC with compensation. 
(c) Proposed DBPCC. 
 

Additionally, it is evident that the conventional DBPCC with 

compensation is better than that without compensation in 

control accuracy. It infers that the rotor movement 

compensation, i.e. (7), should be employed for the conventional 

DBPCC at high speeds. Therefore, the conventional DBPCC 

without compensation is not considered in the following 

experiments unless stated otherwise. 

The steady-state phase currents and their harmonic spectrum 

with the proposed DBPCC at the low speed of 3,000 rpm and 

the rated high speed of 30,000 rpm are shown in Fig. 15 (a) and 

(b), respectively. The total harmonic current, Ih, is defined as 

the root-mean-square of all the harmonics and the total current 

distortion (THD) is calculated from dividing the total harmonic 

current by the fundamental current, I1. As can be seen, at the 

high speed, the switching harmonics are dominated in the phase 

currents and the current THD increases due to the reduction in 

the number of switchings per fundamental cycle, i.e. lower 

SFR. In addition, it can be seen that the phase currents at low 

speeds contain the 5th and 7th harmonics, which can be attributed 

to the harmonic voltage distortions caused by the inverter 

nonlinearity [28]. This corresponds to the conspicuous dq-axis 

current ripples in Fig. 11 as well. However, these harmonics and 

dq-axis current ripples would reduce and become insignificant 

at the rated high speed, as evident in the phase currents in Fig. 
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15 (b) at 30,000 rpm and the dq-axis current waveform shown 

subsequently in Fig. 18 (b). 

The total harmonic current, normalized to the rated current 

of 50 A, at different speeds with the proposed method and the 

conventional DBPCC with compensation are compared in Fig. 

16. As verified previously, to yield accurate dq-axis current 

control, the conventional DBPCC with compensation should 

operate with SFR>20, i.e. the speed below 15,000 rpm and thus 

the results of the conventional DBPCC with compensation are 

only shown in this speed range. As is seen, the two DBPCC 

methods exhibit almost identical total current distortions. It can 

be attributed to the fact that both the DBPCCs are based on 

SVM, which fundamentally determines the current harmonic 

distortions at high speeds. 

 

 
 

 

 

(a) (b) 

Fig. 15. Phase currents with the proposed method. (a) 3,000 rpm. (b) 
30,000 rpm. 
 

 
Fig. 16 Comparison of total harmonic currents with the proposed 
method and the conventional DBPCC with compensation. 

D. Transient performances 

Fig. 17 (a) and Fig. 18 (a) compare the current transient 

control performances under conventional DBPCC with rotor 

movement compensation and proposed method at 10,000 rpm. 

As can be seen, the control performance of conventional 

DBPCC is similar to the proposed method at 10,000 rpm. It is 

because that the switching/sampling frequency of 10 kHz leads 

to SFR=30, which is larger than the identified critical SFR for 

the conventional DBPCC with rotor movement compensation. 

However, as shown in Fig. 17 (b) and Fig. 18 (b), where the 

current transient control experiments are repeated at a higher 

speed, i.e. 30,000 rpm (SFR=10), the control performance of 

conventional DBPCC deteriorate significantly although the 

rotor movement compensation has been employed. Large cross-

coupling between the dq axes can be observed in the 

conventional DBPCC. However, as can be seen in Fig. 18 (b), 

the excellent deadbeat control of dq-axis currents can be still 

achieved with the proposed method. 

Based on the transient responses at SFR=30 and SFR=10 as 

shown in Fig. 17, the previous identified applicable SFR range 

for the conventional DBPCC with rotor movement 

compensation, namely SFR<20, has been verified as well. 

  
(a) (b) 

Fig. 17 Transient dq-axis current waveforms under conventional 
DBPCC with rotor movement compensation. (a) 10,000 rpm 
(SFR=30). (b) 30,000 rpm (SFR=10). 
 

  
(a) (b) 

Fig. 18. Transient dq-axis current waveforms under proposed 
DBPCC. (a) 10,000 rpm (SFR=30). (b) 30,000 rpm (SFR=10). 
 

  
(a) (b) 

Fig. 19 Transient dq-axis current waveforms under conventional 
DBPCC without rotor movement compensation. (a) 3,000 rpm 
(SFR=100). (b) 10,000 rpm (SFR=30). 
 

Similarly, to confirm the applicable range of the 

conventional SFR range of the conventional DBPCC without 

rotor movement compensation, the similar transient 

experiments at 3,000 rpm (SFR=100) and 10,000 rpm 

(SFR=30) under the conventional DBPCC without rotor 

movement compensation have been performed. As can be seen 

in Fig. 19 (a), within the identified applicable SFR range, i.e. 

SFR>50, the dq-axis currents can be controlled in the nearly 

ideal deadbeat fashion at 3,000 rpm (SFR=100) albeit with the 

current ripples caused by the inverter nonlinearity. However, as 

shown in Fig. 19 (b), at 10,000 rpm where SFR is lower than 

50, the dq-axis cross-coupling in transient arises in addition to 

the offset current error. By comparison of Fig. 19 (b) and Fig. 

17 (a), the necessity of rotor movement compensation in the 

conventional DBPCC to extend its applicable speed and SFR 

ranges is demonstrated. 
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To highlight the superiorities of the proposed DBPCC 

against the FOC, which is still dominant control technique for 

PMSM drives in industry, the experiments under the state-of-

the-art FOC [5] with feedforward decoupling, the delay and 

rotor movement compensation and the actual machine 

parameters under the same conditions of Fig. 17 and Fig. 18 are 

performed. As is seen in Fig. 20, at 10,000 rpm (SFR=30), the 

performance of the FOC is acceptable albeit the dynamic 

response is slightly slower than that of the DBPCC methods. 

However, at the high speed of 30,000 rpm (SFR=10), large 

cross-coupling occurs and the current response is greatly 

slowed. In contrast, as shown in Fig. 18, the control 

performance of the proposed method is not affected by the 

increase of speed. 
 

  
(a) (b) 

Fig. 20 Transient dq-axis current waveforms under FOC with rotor 
movement compensation [5]. (a) 10,000 rpm (SFR=30). (b) 30,000 
rpm (SFR=10). 

E. Parameter sensitivity 

Extensive experiments with detuned parameters, i.e. PM flux 

linkage and dq-axis inductances have also been performed to 

test the parameter sensitivity of proposed DBPCC. 

Fig. 21 shows the dq-axis current waveforms at the rated 

speed, i.e. 30,000 rpm, when the load current steps from 25 A 

to 50A. As can be seen, the parameter mismatch will introduce 

offset current errors in steady states. While the fast dynamic 

response of the control is less affected and no oscillation that 

could potentially affect system stability has been observed. 
 

  
(a) (b) 

Fig. 21. dq-axis currents during q-axis current step transients at rated 
speed with proposed DBPCC under detuned parameters. (a) 20% 
over-estimation in PM flux linkage. (b) 20% over-estimation in dq axis 
inductances.  

 

For the comparison purpose, the experiments using the 

conventional DBPCC with compensation have been carried out 

at the same conditions as Fig. 21. As can be seen in Fig. 22 (a), 

under the PM flux linkage mismatch, the dynamic performance 

of the conventional DBPCC is less affected while the steady-

state current errors are larger than those with the proposed 

method in Fig. 21 (a). On the other hand, when the inductance 

is not accurate as shown in Fig. 22 (b), the transient 

performance of the conventional DBPCC is significantly 

deteriorated with large dq-axis cross-coupling, overshoots and 

oscillations, although the magnitudes of the steady-state current 

error are close to those with the proposed method. 
 

  
(a) (b) 

Fig. 22. dq-axis currents during q-axis current step transients at rated 
speed with proposed DBPCC under detuned parameters. (a) 20% 
over-estimation in PM flux linkage. (b) 20% over-estimation in dq axis 
inductances. 

 

As can be seen, the proposed method also outperforms the 

conventional DBPCC under parameter mismatch, mainly with 

deterioration in the steady-state control accuracy. The 

experiments with under-estimated parameters have also been 

conducted and the similar observation and conclusion can be 

made. Besides, the experiments with the proposed method 

under phase resistance mismatch have also been performed, 

which confirm that the phase resistance mismatch is negligible 

at high speeds. By ways of example, the result at the rated speed 

under 50% under-estimation in phase resistance is shown in 

Fig. 23, which is similar to that in Fig. 18 (b). 
 

 
Fig. 23. dq-axis currents during q-axis current step transients at rated 
speed with proposed DBPCC under 50% under-estimation in phase 
resistance. 
 

Additionally, in reality, the detuning of the PM flux linkage 

and inductance mismatches would be less than 10%, and hence 

the current control error will be much lower than those 

presented in Fig. 21. Moreover, the steady-state current error in 

the q-axis can be compensated by the speed controller in a speed 

feedback drive. However, to further improve the current control 

performance with proposed DBPCC, parameter uncertainty 

compensation schemes, such as the disturbance observer 

technique [15]–[17] can be a future research topic. 

VII. CONCLUSIONS 

This paper has presented a novel DBPCC for high-speed 

PMSMs drive with low SFRs. The sampling delay and rotor 

movement effect are accurately considered. The proposed 

method can realize excellent deadbeat control of dq-axis 

currents at high speeds even at very low SFRs. The dq-axis 

cross-coupling during transients at high-speeds can be virtually 

eliminated. Moreover, the rotor movement influence on the 

conventional DBPCCs with and without compensation have 
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been both analyzed. The applicable SFR ranges of the 

conventional DBPCCs have been quantitatively identified. 

Simulations and experiments on a high-speed PMSM drive 

have been performed and validated the proposed method and 

the analysis. 

Although the proposed method is described and 

demonstrated by the example of high-speed SPMSM drive in 

this paper, it can also be applied for IPMSM drives based on a 

high-fidelity machine model [25].  
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