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Abstract. This paper proposes field weakening control method of the look-up table based 

permanent magnet synchronous machine (PMSM) with interpolation error compensation. 

The look-up table based control method has robust control characteristic than other 

control methods which use linear controller for current reference generation. However, it 

is impossible to store all current references under all circumstances for torque commands. 

General look-up table based control method using two input parameters, in order to 

mitigate the effect of discretely stored data, two-dimension-interpolation method (2D-

Interpolation) is used for linear interpolating between discontinuous data. However, due 

to the current trajectories of PMSM are generally ellipsoidal, the error is occurred 

between linearly interpolated and controllable current references. This paper proposes a 

method to compensate this interpolation error using feedforward controller for fast 

compensation. The improvement of proposed method is verified by experiment and 

simulation. 

1. Introduction 

Recently, Permanent Magnet Synchronous Motor (PMSM) drive system has been adopted frequently 

for vehicles in order to improve efficiency and convenience. Generally, in the case of the PMSM used 

in a vehicle, two dimensions look-up table (2D-LUT) based current command control is widely 

used.[1]-[6] Among these control methods, flux-torque 2D-LUT based control method is most 

generally used due to the reflection of DC-link voltage variation which shown as Fig. 1.[1] 

In this controller, the current data in the 2D-LUT is stored according to the respective memory 

addresses corresponding to flux-torque. Since the memory address is a discontinuous value, only 

current reference data for a specific flux and torque can be stored in the memory. Therefore, in the 

case of the PMSM torque control method using the 2D-LUT, it is inevitably impossible to store the 

appropriate current data in the entire driving region. In order to solve this problem, the two-dimension-

interpolation (2D-Interpolation) method has been used to properly interpolate with input data that has 

not been previously stored in the memory.[7]-[9] This 2D-Interpolation makes discreet look-up table 

outputs to linear outputs according to two continuous input parameters which do not define at the 

specific torque-flux points of the look-up table. For instance, if the input parameters inserted in look-

up table, related outputs are generated from the memory, and then, using these outputs for linear 
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interpolation called first order newton’s interpolation method in order to calculate approximate output 

for input parameters.  
 

 

Figure 1. Flux-torque look-up table based PMSM control method [1]. 
 

This 2D-Interpolation method used in PMSM control is effective if the number of stored data is 

enough to ignore the interpolation error, however, if the number is insufficient, interpolation error can 

not be ignored because all PMSM current trajectories are not linear but ellipsoidal. Moreover, in 

automotive application, in order to fulfill the international standard ISO26262 which purpose is to 

retain driver safety, PMSM drive should have many fault diagnosis for retaining system safety and 

AUTOSAR which needs lots of memory for operating software.  

To solve this problem, very few researches have been proposed to optimal use of memory. In [10], use 

the curve fitting method for reducing the memory, however, it does not suggest the solution for the 

error between the interpolated curve fitting output and optimal output. Constant torque control method 

for PMSM using any tables is shown on [11], however, this method needs exact parameters for PMSM, 

moreover, if the target PMSM does not have enough saliency, effectiveness is limited. As 

aforementioned, current trajectories for PMSM are ellipsoidal, the interpolation method used in this 

application needs second order interpolation method such as second order Lagrange or Spline method 

with parameter modification for each operating condition. [12] However, it is seldom used in motor 

control area because of heavy calculation burden to DSP.  

*
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(a)                                                    (b) 

Figure 2. 2D-Interpoation procedure for current references output from 2D-LUT. (a) Stored data in 

2D-LUT accordance with each speed and torque. (b) 2D-Interpolation procedure for specific speed 

and torque reference input. 

 

This paper proposes a novel control method to reduce this interpolation error. First, we analyze the 

cause of interpolation error and defines the problem characteristic. And then, compensation method 

for interpolation error with DC-link voltage feedforward will be illustrated. 
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2. Interpolation error of 2D-Interpolation technique for PMSM drive  
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Figure 3. Interpolated current trajectories of PMSM with the current table data which has six torque 

input data. 

2.1. 2D-Interpolation Technique 

The 2D-Interpolation is a linear interpolation method for two input parameters. As aforementioned, 

2D-LUT data on certain flux and torque have four different values: outputs on the ceil and floor of 

flux input ( max  , min ); outputs on the ceil and floor of torque input ( maxT ,  minT ) as shown on Fig. 2. To 

generate interpolated output, the following linear interpolation formula is applied to the input 

parameters three times as shown on Fig. 2(b). 

2 1
1 1

2 1

( ) ( )
( ) ( ) ( )

f x f x
f x f x x x

x x

 
    

                                                         (1) 

For instance, the case of linear interpolation by speed on minT , 2x and 1x  are ceil and floor of speed input 

( max  , min ), respectively, 2( )f x  and 1( )f x  are the current reference data on minT  correspond to max  , min ,the 

notations of Fig. 2(b) are 
*

maxmin
_

r

dqs T
i

 , 
*

min min
_

r

dqs T
i

 , respectively. x is the input of current speed ( r ) and ( )f x  is 

the interpolated output on minT  ( min

*

_

r

dqs Ti ). 

To reduce the processing burden of microprocessor, division for variable has to be avoided as possible. 

This paper uses fixed unit for that as same as [9]. In this case, the current references from look-up 

table’s are also established accordance with this unit value. Substitute the variable to fixed unit value, 

(1) can be changed as below. 

2 1
1 1

( ) ( )
( ) ( ) ( )

unit

f x f x
f x f x x x

x

 
    

                                                         (2) 

where, unitx  is the fixed unit value of input parameter’s deviation. 

 
Figure 4. Magnified 2D-Interpolation error in field weakening operation region of Fig. 3. 
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Note that the flux is inverse value of the speed. If the speed is increasing, then, the flux is decreasing 

as shown on Fig. 2(a). Therefore, the calculated flux should be properly limited to avoid divergence. 

2.2. 2D-Interpolation Error in Look-Up Table Based PMSM Control 

Fig. 3 shows the interpolated current trajectories using only six torque inputs data. As shown on the 

figure, with 2D-Interpolation method, two current reference points stored in the memory are linearly 

connected while the operating condition that stored data is absent. Although it can reduce the error 

better than using only look-up table outputs, generated power is decreased than capable maximum 

power. In addition, the effect of interpolation error is hardly existed in constant torque operation 

region due to the sufficient current data for torque input. In contrast, the effect of interpolation error is 

enlarged in field weakening operation region because the current data is reduced in high speed 

operation. 

Fig. 4 shows the magnified interpolation error described in Fig. 3. To calculate this 2D-Interpolation 

error, firstly, fundamental PMSM model equations are shown as below. 

 

r r r r

ds s ds d ds r q qs

r r r r

qs s qs q qs r d ds r f

v R i L pi L i

v R i L pi L i



  

  

                                                    (3) 

 
3 / 4{ ( ) }r r r

e f qs q d ds qsT P i L L i i  
                                                (4) 

2 2

max

max

( ) ( )

3

r r

r d ds f q qs

dc

V L i L i

V
V

   


                                                  (5) 

where, ,

r r

ds qsv v  are d-/q-axis voltages of PMSM respectively, eT is torque, maxV  is voltage restriction of 

PMSM, r  is angular speed, sR  is phase resistance, ,d qL L  are d-/q-axis inductances, respectively, f  is 

permanent magnet flux, P is number of pole, dcV  is DC-link voltage. 

As shown on the figure, the interpolation error does not affect d-axis current component ( _ int

r

ds erpi ), 

however, it affects the q-axis current component ( _ int

r

qs erpi ). This interpolated q-axis current reference 

can be expressed as (6) from (1).  

3 2* *

_ interp 2 3

3 2

* *

2

( )

( )

q qr

qs e e q e

e e

e e e

i i
i T T i T

T T

T T T


    



                                                     (6) 

With (6), the back-EMF voltage magnitude by interpolated current reference can be expressed as (7). 

* 2 2

ma _ interp 2 _ interp

max

( ( ) ) ( )r r

g r d ds e e f q qs

mag

V L i T T L i

V V

     



                            (7) 

 

If the interpolated d-axis current according to the varied torque with (7), the magnitude of the 

maximum torque that can be generated by this d-axis current can be obtained through the intersection 

of the voltage restriction curve and the torque curve. The equation is expressed by a quadratic equation 

as shown in (8) which has four roots that are classified as two imaginary roots, and two real roots. 

Among these two real roots, effective d-axis current is the magnitude which has the minimum value of 

them.  
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The compensation value of q-axis current can be obtained by substituting d-axis current value from (8) 

to (4) 

*

2 _ int

_comp _interp

_interp

4

3 ( ( ) )

e er r

qs qsr

f d q ds

T T
i i

P L L i

 
 

 
                                                  (9) 

From (9), increased torque output by compensated q-axis current (
*

_ inte
T ) is always higher than 

increased torque output by interpolated q-axis current (
*

e
T ) as shown on Fig. 4.  

As a result, it proves that the torque error is existed between interpolated output and optimal output, in 

addition, generated torque by interpolated output is always smaller than the generated torque by 

optimal output.  
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Figure 5. Overall proposed control block for q-axis current compenstion. 

 



ICCMST 2019

IOP Conf. Series: Materials Science and Engineering 600 (2019) 012024

IOP Publishing

doi:10.1088/1757-899X/600/1/012024

6

 

 

3. Interpolation Error Compensation Method with DC-link voltage feedforward Controller   

Generally, in field weakening operation region, since the magnitude of the current is not large, the 

magnitude of the back-EMF voltage has a major influence on the components in permanent magnet 

flux. Therefore, the variation in the torque in this region is largely affected due to the variation in the 

q-axis current, and the voltage restriction is greatly affected by the speed and the d-axis current. 

Among them, the speed is not a direct control target of the electric motor but a restriction condition 

that is influenced by the machine-driving environment. Therefore, in order to compensate reduced 

output caused by the interpolation, q-axis current must be compensated so as to raise the torque. 

The reason of occurring this torque error is the back-EMF magnitude of interpolated q-axis current is 

smaller than the voltage limit, which is determined by DC-link voltage. Therefore, compensated q-axis 

current can be obtained from the voltage error between the current back-EMF magnitude and voltage 

limit calculated by DC-link voltage. From this error, PI controller in this paper deducts compensated 

q-axis current. 

_comp max
( )

p ir

qs mag

sK K
i V V

s


                                                         (10) 

However, as previously mentioned, all current trajectories for PMSM operation is ellipsoidal, PI 

controller is insufficient to calculate compensation current. As widely known, PI controller is effective 

in fixed reference, however, if the reference is ellipsoidal, the final output value has always error from 

delayed response.  

The easiest way to respond suitably for ellipsoidal reference, using PID controller to increase the pole 

of the controller’s characteristic equation or adapting numerous higher gain of PI controller for 

reducing this final output error. However, D controller needs suitable filter for avoiding divergent 

output, higher gained PI controller can be very unstable operation for disturbance.   

In this paper, feedforward controller is added to improve the dynamic of PI controller. To obtain the 

feedforward compensation current, voltage error between the back-EMF and the voltage limit can be 

obtained as (11) with (7). 

_ max

2 2

_ _( ) ( )
3

s err mag

r rdc
r q qs linear r d ds linear f

V V V

V
L i L i  

 

   

                                  (11) 

 

As shown on Fig. 4, because interpolated d-axis current reference generates proper current for the 

voltage limit, (11) can be changed to (12). 

_ max

_
3

s err mag

rdc
r q qs linear

V V V

V
L i

 

 

                                                              (12) 

 

To make this voltage error to zero, compensation feedforward q-axis current can be established as (13). 
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Figure 6. Field weakening operation start points of each speed 
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_

_

s errr

qs ff

r q

V
i

L
                                                                           (13) 

With (13), proposed overall control block for q-axis compensation current is established as Fig. 5. 

As aforementioned, interpolation error is hardly existed in constant torque operation region. Moreover, 

the back-EMF in this operation region has its own value at each operating point, compensating 

interpolation error in this operation region needs another back-EMF look-up table data according to 

each flux and torque. Therefore, in this paper, compensation block is deactivated while the PMSM is 

operating in constant torque operation region.  

 
To reduce the stored memory for voltage magnitude, field weakening operation start points of each 

speed are obtained experimentally instead of obtaining voltage magnitudes all over the operation 

region. Fig. 6 shows the stored data of field weakening start points. As shown on the figure, as speed 

is increasing, generated torque is reducing to constant power generation. In addition, the error between 

practical torque-speed curve and linearly interpolated curve is hardly existed, the field weakening start 

torque, which is generated from flux-torque LUT of Fig. 5 can determine enable or disable 

compensation block. Instead of using speed input, estimated flux is used for reflecting input voltage 

variation. Converting method from speed to flux is simply defined as (14). 

max /r rV 
                                                                             (14) 

 

And then, activation condition of q-axis current compensation can be determined by following 

equation. 

* *

_ _

* *

_ _

( 0) : sgn( ) 1

( 0) : sgn( ) 0

e e FW r e FW

e e FW r e FW

if T T T T

if T T T T

   

   

                                             (15) 

With this enable/disable control block, the proposed compensation block is only activated when the 

effect of compensation is maximized. 

 

 

 
Figure 8. Current maps using in experiment 

(a) d-axis current map (b) q-axis current map 

(c) Back-EMF magnitude (d) dq-axis current 

maps plotting by dq-axis currents coordinates. 

 
(a) 

 
(b) 

Figure 7. Experimental Msetup (a) Picture of 

the setup (b) Composition of the setup 
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4. Experiment  

To verify the proposed control algorithm, this paper uses experiment setup as Fig. 7. The test motor 

parameters are described in Table 1. Controller of inverter uses DSP, which is TMS320F28335 from 

Texas Instrument corporation. 

Although this DSP has sufficient memory for storing current 2D-LUT data, for the worse environment 

configuration, the current map is constructed using very little memory compared to the conventional 

method. 

 

 
Figure 9. Comparison experimental results of the conventional and the proposed method with or 

without 2D-Interpolation compensation (a) 750[rpm] operation (b) 1150[rpm] operation (c) 1500[rpm] 

operation 

 

 
Figure 10. Experimental result of the maximum power control with proposed control method 

 

The dq-axis current map for each speed-torque was measured through experiments by referring [6]. 

The results are shown in Fig. 8. In this paper, the experimental current map is stored at 1/3 of the rated 

torque and at 1/4 of the maximum driving speed. From this obtained speed-torque current map, it is 

transformed to flux-torque map with (14). As a result, it can be seen that only one torque data appears 

in the dq-axis current value for the torque command change at the maximum speed except for the dq-

axis current value during the zero torque control. This is because the inductance expressed by the 

nominal value in the actual motor and the permanent magnet flux decreased due to the influence of 

saturation in the actual experiment. 
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Fig. 9 shows the comparison experimental results with or without proposed compensation method. It 

can be seen from the figure that the output is improved compared with the conventional method, and 

that it is controlled stably even in the speed region where the transition from the constant torque region 

to the weak field region is performed. 

Fig. 10 shows the result of testing the maximum output control by increasing the speed of the load 

motor after setting the torque command to the maximum. As can be seen from the figure, it can be 

seen that the maximum output control is performed stably even if the proposed controller is added. 

5. Conclusion  

This paper proposes interpolation error compensation method for general flux-torque 2D-LUT based 

PMSM control method. To achieve this, firstly calculate the error between the back-EMF and the 

voltage limit in field weakening region, and then, obtaining q-axis compensation current from the 

controller, which input is this voltage error. To improve compensation control dynamic for ellipsoidal 

reference, feedforward controller, which is based on DC-link voltage, is attached on general PI 

controller.  

With the proposed compensation blocks, generated power is enhanced than the power using only 2D-

Interpolation method, although very restricted number of memory is allowed for flux-torque 2D-LUT. 

Proposed control method is verified by the experiment with test setup. 

 

Table 1. Test motor parameters. 

Pole 8 

Phase resistance[mΩ] 20 

d-axis inductance[mH] 2.03 

q-axis inductance[mH] 2.13 

Permanent magnet flux[Wb] 0.1439 

Rated DC-link voltage[V] 48 

Rated Torque[Nm] 15 

Rated Speed[rpm] 200 

Max. Speed[rpm] 1500 

Max. Phase Current[A] 30 
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