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Abstract In space vehicles, inertial navigation devices need to measure real-time and high-precision analog 
quantities such as currents and voltages output from accelerometers and other sensors in order to realize the 
navigation of the vehicle. Therefore, it is of great significance to develop a dynamic high-precision current and 
voltage measurement system suitable for use in spacecraft. The study firstly designs a current error monitoring 
system, and then introduces the main factors affecting the measurement accuracy of a standard power meter and 
explores the principle of current measurement error generation. Then, a compensation strategy for segmental 
integration of the d-axis current into the measured current is proposed. The simulation and experimental results 
show that the current monitoring system can effectively eliminate the interference of the outer-loop controller and 
significantly improve the control performance of the error compensator, and the compensation algorithm proposed 
in this paper can effectively reduce the measurement error of the measured sub-current and improve the steady 
state and dynamic performance of the machine speed control system. 
 
Index Terms current measurement, measurement error, error compensation, monitoring control system 

I. Introduction 
Current measurement, is the basis of power production and fair trading of electricity [1]. Measurement of the main 
parameters involved in electric power, such as current, voltage, active/reactive power, frequency, phase, electrical 
energy, harmonics, etc., is the data source and basis for protection control, automatic control, system operation 
scheduling, equipment control, energy saving and consumption reduction, and fine management in the power 
system, and the measurement level of these parameters will directly affect the operation quality of the power system 
[2]-[5]. Correspondingly, the accurate measurement of electric energy is an important link in the production and 
management of electric power enterprises and the stable operation of the power grid economy, and it is the basic 
guarantee for the grid company to carry out the fair trade of electric energy, so the standard power meter plays a 
vital role in the field of electric power production [6]-[8]. 

Measurement accuracy is an important indicator to characterize the long-term stable operation of the standard 
energy meter, however, there is, in the actual use of the process may appear instrument drift, stability does not meet 
the requirements and other issues [9], [10]. Currently commercial standard power meter accuracy is mostly in the 
0.2 ~ 1.0 level, its measurement device that is the standard power meter accuracy of 0.05 level, to calibrate the 
accuracy of the standard power meter, the accuracy of the calibration device needs to be better than 0.01 level [11], 
[12]. Stability is the assessment of the standard power meter is extremely important technical indicators, analyze 
the standard power meter value over time of long-term slow changes, explore the impact of the accuracy index 
change factors, the impact of the amount of influence of the relationship between the degree of influence, to ensure 
that high-precision standard meter of long-term accuracy, stable operation, is of great importance [13]-[15]. 

The study firstly proposes a monitoring control system based on current measurement, and then introduces the 
main influencing factors affecting the accuracy of standard current measurement and the principle of current error 
generation. And in order to reduce the influence of gain error and measurement error on the current control system, 
a compensation strategy of segmental integration of the d-axis current is proposed, and the error term is obtained 
by integrating the d-axis current, which is compensated into the measurement current. The monitoring system in 
this paper includes abnormal data mining of current measurement, abnormal data error compensation control and 
measurement data implementation monitoring, and finally the effectiveness and practicality of the method in this 
paper is verified by simulation experiments. 
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II. Software design of the error control monitoring system 
II. A. Anomaly data mining based on current measurements 
When mining the abnormal data of current measurement, it mainly targets the current measurement results, flow 
rate measurement results and flow rate measurement results. Before the error control of current measurement data, 
it is necessary to define the criteria for judging the data error, and combined with the current characteristics, the 
following definition expression is derived: 
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where, W   is the data error standard defined and quantified by this paper; e   is the statistical average of the 
uncertainty of the error data; q   is the specific probability of anomalous data during the current measurement 
process; n   is the number of information elements and probabilistic events that are contained in a current 
measurement device. 

For the current measurement data contains all kinds of content and characteristic attributes, its specific value 
range needs to be decided according to the specific measurement imposed interval. Therefore, this paper combines 
the quantization method in current measurement technology to quantify the possible distribution characteristics of 
the anomaly data. The looseness of the distribution of the characteristics of the anomalous data is quantified, so as 
to obtain the corresponding change response of the measurement equipment when the anomalous data is output. 

Define all the attribute characteristics of the anomalous data, denoted by M . ijP  is then expressed as the size 

of the j   value of the i   anomalous data feature attribute. In mining the anomalous data in the current 

measurement results, the following expression is derived: 
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where, r  all the measurement result data of a certain attribute i ; iz  is the number of all corresponding anomalies 

among a certain attribute i . 
 

II. B. Abnormal data error compensation control 
After completing the mining of anomalous data, the corresponding error compensation control, combined with the 
sensor measurement device to obtain the corresponding pressure parameters, the sensor output will not only be 
associated with the pressure, but also by the water conservancy project around the influence of the environmental 
temperature. Therefore, in order to avoid the influence of the ambient temperature on the error compensation, the 
system also needs to be combined with the temperature changes in the abnormal data for nonlinear compensation, 
and in the process of control according to the pressure changes in the compensation value for automatic adjustment. 
In order to achieve the above compensation control purpose, combined with neural network technology [16], set 
the system to measure the input of the sensor in the device and the surrounding ambient temperature as the input 
data of the neural network, and utilize the ability of the neural network to approximate any nonlinearities to achieve 
the error compensation of the anomalous data. Before the compensation, it is also necessary to connect the output 
data of multiple sensors with the corresponding ambient temperature data under different pressure and temperature 
conditions, introduce them into the neural network, and train the neural network by using the data measured by the 
standard manometer as the standard output mode to ensure that the input and output values of the neural network 
can conform to a certain mapping relationship. When the training of the neural network is completed, due to its 
generalization ability, even if the input data is untrained data, the system can also make the system output 
reasonable results. 
 
II. C. Real-time monitoring of current measurement data 
In order to ensure the continuity of the measurement error compensation control [17], it is also necessary to 
introduce a real-time monitoring module for current measurement data in the system of this paper. The introduction 
of port scanning, measurement device scanning, measurement data material and other operations and behaviors 
in this system can cause the error compensation to appear abnormal phenomena. In order to effectively avoid this 
phenomenon, the system in this paper carries out real-time monitoring and calculation of the transmission protocol 
corresponding to the measured data, so as to match the attributes of the abnormal data, and ensure the accuracy 
of judging the type of abnormal data. 
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III. Compensation for current measurement errors in standard energy meters 
III. A. Main Factors Affecting the Measurement Accuracy of Standard Energy Meters 
III. A. 1) Principle of the energy measurement unit of a standard energy meter 
Standard power meter measurement unit is mainly divided into digital and analog measurement principle. As the 
digital measurement unit has the technical advantages of high precision, small start-up current, good 
electromagnetic compatibility, strong resistance to external magnetic field interference, and good functional 
scalability compared with the analog measurement unit, the digital measurement principle is commonly used in the 
standard power meter at present. Digital measurement unit is mainly composed of U/U voltage conversion circuit, 
I/U current conversion circuit, AD signal acquisition circuit, reference signal, standard clock and other parts. The 
main role of the power measurement unit is to transform the input voltage and current into a pulse signal proportional 
to the power, sent to the frequency division and counting. The power measurement unit is the key to the standard 
power meter, and its measurement accuracy directly determines the measurement accuracy of the power meter. 
The schematic block diagram is shown in Figure 1. 
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Figure 1: The principle of the standard electric energy meter is a block diagram 

III. A. 2) U/U voltage conversion circuits 
Voltage channel converter circuits currently have two main sampling circuit methods, respectively, the use of 
resistance voltage divider converter circuits and voltage transformer converter circuit form. 
 
III. A. 3) I/U current conversion circuits 
Current channel conversion circuit and voltage, there are currently two main sampling circuit, respectively, the use 
of resistance shunt conversion circuit or current transformer conversion circuit form. 
 
III. A. 4) AD signal acquisition circuit 
AD signal acquisition circuit core for the AD sampling chip, AD sampling chip is divided into a variety of commonly 
used types of parallel comparison type, successive approximation type, integral type,    modulation type, 
voltage-frequency conversion type and capacitance array successive comparisons; generally the higher the speed, 
the higher the accuracy. Different sampling methods of long-term stability impact parameters are not the same, but 
the main impact of the larger amount of indicators is the temperature drift. With the development of electronic 
technology, many AD chips now have integrated temperature sensors, in the DSP algorithm according to the 
temperature drift curve provided by the chip supplier to introduce a correction curve coefficient can effectively 
improve the reduction of AD by the temperature impact of long-term stability indicators. 
 
III. B. Analysis of Current Measurement Gain Errors 
III. B. 1) Current Gain Errors 
The current gain error is mainly due to the gain error of the op-amp and the full scale error of the AD causing the 
gain of the A  and B  circuits to be inconsistent during the phase current measurement. The current measurement 
values are shown in the following equation: 
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where, , , _a b c measureI  is the measured value of phase current; aA , bA  are the gains of A , B  phase currents, 

respectively; and , ,a b cI  is the actual current value. 



Research on current measurement error compensation technology of standard energy meter based on large-scale data mining 

4867 

The dq -axis current obtained by the Clark/Park transform is: 
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This leads to the following equation for the current fluctuation caused by the three-phase PMSM current gain 
error: 
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III. B. 2) Current Bias Errors 
The current bias error is mainly the bias voltage and zero error of the op amp and AD converter. The current 
measurements are shown in the following equation: 
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where, _offset aI , _offset bI  are the A , B  phase current bias error respectively. 

The current fluctuation caused by the three-phase PMSM current bias error can be derived from equation (6) as 
follows: 
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III. C. Current measurement error compensation strategy 
III. C. 1) Calculation of measurement errors 
The output of the d  axis current after passing through the integral regulator is: 

  *
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The d  axis measurement error di  in Eq. (8) is the sum. 

The pulsation of the d  axis current contains the pulsation at the frequency of ef , 2 ef , so in this paper, we 

choose the integration interval of outi  to be  0,2 , and the integral of outi  is a constant value of the offset error 

and the gain error. 
 

III. C. 2) Offset Error Calculation 
Integrating Eq. (8) and choosing every   electrical angle for the integration interval, we have: 
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Subtracting equations (9) and (10) gives: 
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Controlling Eq. (11) to zero eliminates the effect of the A  phase offset error on the phase current measurement 
results. 

Integrating Eq. (8) and choosing every / 3  electrical angle for the integration interval gives: 

 

 

3
_

0 0

2

3
_

0
3

_2
0

3

2

_5
0

3

sec

sec

sec

sec ( )

t
ci

ci d offset e b
e

t
ci

ci d offset e a b
e

t
ci

ci d offset e b
e

t
ci

ci d offset e a b
e

k
I k i dtd i

k
II k i dtd i i

k
IV k i dtd i

k
VI k i dtd i i



























    

     

     

      

 

 

 

 

 (12) 

From equation (12): 
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Similarly, controlling Eq. (13) to zero eliminates the effect of the B  phase offset error on the phase current 
measurement results. 

When the offset error is zero, then the result of integrating Eq. (8) for each / 3  electrical angle satisfies Eq. 
(14). 
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III. C. 3) Gain Error Calculation 
When aK  and bK  are equal, Eq. (14) is zero, i.e., there is no gain error in the dq  axis. Therefore, when aK  

and bK  are not equal, Eq. (15) reflects the gain error. 
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From equation (15): 
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III. C. 4) Phase current compensation 

Since * 0di  , the closed-loop regulation of current makes m
d di i  , which also contains offset error and gain error, 

so the error amount can be found out by integrating di , and the measurement error can be eliminated by adding 

the closed-loop regulation of the error amount in the original vector control system. The error compensation 
algorithm is shown in Fig. 2. 
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Figure 2: Error compensation algorithm 

IV. Simulation and experimental verification 
IV. A. Error Compensation and Interference Suppression Verification 
IV. A. 1) Verification of error compensation effect 
In order to verify the compensation effect of this paper's monitoring system on the current measurement error 
compensator, Matlab/Simulink software is used to simulate the SPMSM system. The parameters in the simulation 
model are set as follows: the rated power of the permanent magnet synchronous motor is 450 W, the rated current 
is 25 A, the rated rotational speed is 2200 r/min, the stator resistance is 0.073 Ω, the stator inductance is 0.00037 
H, the flux of the permanent magnets is 0.01406 Wb, the number of pole pairs is 12, the dc-side voltage of the 
three-phase voltage-type inverter is 48 V, the current PI regulator's cutoff frequency is c  =2513 rad/s, the 
frequency of SVPWM modulation module is 20 kHz, the cutoff frequency of low-pass filter LPF is 314 rad/s, the 
coefficient of integrator is ik =10, and the command values of the d and q axis stator currents are *

di =0 and *
qi

=5A, and the error signal of 0.25 A is injected into phase a and phase c. The current measurement error compensator 
is put into operation at 2s, and the simulated waveform is shown in Fig. 3, with dmi , qmi /A denoted as S1; mi ,

mi /A is denoted as S2; 
^

mi ,
^

mi  /A is denoted as S3. 
The waveforms in the figure are, from top to bottom: d q  stator current measurement error in synchronous 

rotating coordinate system dmi , qmi ,    stator current measurement error in stationary coordinate system 

mi , mi ,    Estimated value of stator winding phase current measurement error in stationary coordinate 
system 

^

mi  , 
^

mi   , and motor torque T. As can be seen from the simulated waveforms: the stator current 
measurement error in the d q  synchronous rotating coordinate system is an AC signal, and the stator current 
measurement error in the    stationary coordinate system after Park inversion is a DC signal; During (0 to 2) 
s, the current measurement error compensator does not operate, the estimated value of the current measurement 
error is 0, and there is a significant pulsation in the motor torque. After the current measurement error compensator 
is put into operation at 2s, both the d q  axis current measurement error and the α-β axis current measurement 
error gradually decrease and tend to zero, and the estimated value of the current measurement error gradually 
increases and tends to stabilize, and the stabilized values are 

^

mi =0.26A, 
^

mi  =-0.44A, and the pulsation of the 
motor torque is obviously reduced, and the stabilized value of the torque is T=0.67Nm, the simulation results are 
fully consistent with the theoretical analysis. 
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(a) Waveform 1 (b) Waveform 2 

  

(c) Waveform 3 (d) Waveform 4 

Figure 3: System simulation waveform 

IV. A. 2) Verification of outer loop interference suppression 
In order to verify the anti-interference ability of the current measurement error compensator to the outer-loop 
controller, the measurement error compensator in the simulation model corresponding to Fig. 4 is put into operation 
at 0s, and the command value of the q-axis stator current *

qi  is increased from 5A to 7A at 2s, and the rest of the 
parameters are kept unchanged, so that the simulation waveforms shown in Fig. 4 are obtained. 

From the simulation waveform, we can see that after increasing the command value of q-axis stator current *
qi  

from 5A to 7A at 2s, the measurement errors of d q   axis current mi  , mi   and     axis current 
measurement errors mi , mi  are almost unaffected after transient perturbations, and all of them are gradually 
decreasing and converging to zero; the estimated values of the current measurement errors are gradually increasing 
and converging to stable values, and the stable values are respectively, are 

^

mi =0.27A, 
^

mi  =-0.45A, exactly 
the same as when the current command *

qi =5A in Fig. 4. At 2s, as the current command value *
qi  increases from 

5A to 7A, the motor torque increases suddenly, and after that, the torque pulsation continues to decrease, and is 
finally stabilized at T=0.93Nm. The simulation waveforms show that the current error compensator can effectively 
inhibit the outer loop controller's interference, and the SPMSM system based on current measurement error 
compensator has good dynamic control performance. 
IV. B. Simulation verification of compensation effect 
In order to verify the dynamic and static performance of the current error compensation method, this section builds 
a model of vector control system of permanent magnet synchronous motor based on MATLAB/Simulink, and the 
motor parameters are shown in Table 1. 
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(a) Waveform 1 (b) Waveform 2 

 
 

(c) Waveform 3 (d) Waveform 4 

Figure 4: Anti-external ring interference simulation waveform 

Table 1: Simulation motor parameter 

Parameter Numerical value Parameter Numerical value 

Rated voltage /eU V  210 Rated torque / ( )eT N M  6 

Rated power /eP W  755 Rated speed 
1/ ( min )en r   755 

Stator resistance /sR   1.8 Stator inductance /sL mH  0.842 

Polar logarithm p  5   

 
The simulation model adopts the vector control strategy of permanent magnet synchronous motor with id=0. 

Firstly, it is verified that the gain error and offset error in the theoretical analysis will cause the speed and torque of 
the motor to pulsate in ef  and 2 ef , and the simulation conditions are set up as follows: ak =1.1, ak =0.9, _a offseti

=0.03, _b meai =0.05. Then the stator current compensation algorithm is added to the simulation model, and it is 

verified that the compensation algorithm eliminates the speed and torque pulsations caused by the current 
measurement error. 

Fig. 5 shows the rotational speed graph of the motor running stably at the speed of 325 r/min, and the motor 
speed has a periodic pulsation at 325 r/min, and the FFT analysis of the rotational speed is done, as shown in Fig. 
6. The rotational speed contains ef  and 2 ef  pulsation frequencies. 

 

Figure 5: Transient motor speed 
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Figure 6: Steady state speed FFT analysis 

Fig. 7 shows the comparison of rotational speed with and without current error compensation algorithm. It can be 
seen from the figure that the pulsation in the rotational speed is eliminated after the error current compensation. 
Further FFT analysis of the rotational speed obtained after compensating the current is done as shown in Fig. 8, 
which shows that the content of 1x angular frequency and 2x angular frequency is cut down drastically. 

 

Figure 7: Before compensation, compensation is compared with the steady state speed 

 

Figure 8: The compensation is analyzed after the steady speed FFT 

In order to verify the dynamic performance of the algorithm, the load is increased by 2 N-m, while the given speed 
of the motor is increased at 3 s. The speed profile is shown in Fig. 9. The motor speed increases from 325r/min to 
55r/min in 3s, and there is obvious speed jitter in the speed curve without the error current compensation method, 
while the speed pulsation phenomenon is basically eliminated in the simulation experiment with the current 
compensation method, which proves that the algorithm has better dynamic performance. 
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Figure 9: Dynamic speed graph 

V. Conclusion 
The study proposes an error control monitoring system based on current measurement, and in order to minimize 
the influence of the measurement error on motor control, a compensation strategy for segmental integration of the 
d-axis current is proposed. It is analyzed by simulation and experiment, and the experimental results show that the 
monitoring system eliminates the interference of the outer-loop controller, improves the dynamic control capability 
of the current measurement error compensator, and the compensation strategy can better suppress the speed 
pulsation caused by the current measurement error, which proves the effectiveness and good dynamic performance 
of the monitoring system and compensation strategy proposed in this paper. 
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