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DYNAMIC ERROR ANALYSIS OF SMART ELECTRICITY
METER UNDER COMPLEX FLUCTUATING LOAD

Jingxia CHEN?, Kun LIU?", Lijuan DU3

Power Fluctuating of high-power loads in the power grid exerts impacts in
different levels on Smart Electricity Meters (SEM), and even causes significant
errors. In order to analyze the dynamic error sources of SEM, this paper adopted
the method of mechanism modeling to establish dynamic mathematical models of the
voltage channel, the current channel with Programmable Gain Amplifier (PGA)
gain feedback control, the active power measurement unit, and the power
measurement unit, respectively, and to structure the system-wide model of SEM.
Then, a dynamic error model was built to study the impact of model parameters of
each unit on the dynamic error of active electric energy, so as to trace the
measurement error source of SEM for high-power loads. Using the error model, a
PGA gain control algorithm based on sample point analysis was designed to
optimize the PGA gain control unit model. Theory and simulation example proved
that the system-wide model proposed in this paper can be employed to analyze the
internal error influencing of electric energy meters under dynamic conditions and
identify the source of error. The comparison of simulation results showed that the
proposed proved PGA gain control algorithm can significantly reduce the
measurement error of SEM for high-power loads. The research results in this paper
can provide quantitative decision-making reference for improving the dynamic
performance of SEM in the future.

Keywords: dynamic error, smart electricity meter, error model, system-wide
model

1. Introduction

In recent years, dynamic and unsteady features have steadily increased
owing to the intermittent energy and large power electrical dynamic loads used in
Smart Electricity Meters (SEMs). Dynamic error testing shows that the SEMs
which are certified as qualified in steady condition may not necessarily meet the
measurement error requirements in unsteady condition and some even have
serious errors [1-2]. Therefore, study on the causes of non-ignorable errors during
the dynamic testing is of great necessity.
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Last decades have witnessed the significant development on error analysis
of Smart Electricity Meter (SEM). Many studies have been conducted, including
the accuracy of meters in real-world harmonic/inter-harmonic voltage and current
conditions [3-5], the aspects related to the metrological characterization of meters
under wide-range frequency deviations [6-8]. Correct estimation of four
parameters of amplitude, phase, frequency and active power of fundamental and
harmonic signals has been made by using Adaptive Measuring method,
Amplitude-phase-locked Loop method, Gradient Descent Method etc. [9-11].
However, it should be pointed out that, so far, almost all meters’ error analysis has
been specifically considered in stationary situation with or without harmonics, and
the used methods are suitable for frequency analysis, instead of time analysis.

In recent years, the dynamic error testing of smart electricity meters has
begun to be noticed and received great attention from scholars, and some of them
have achieved significant research results. In order to simulate actual dynamic
power loads in smart grid, an on-off-keying testing dynamic current model was
built with an OOK testing dynamic load energy model [12]. Furthermore, a
distorted m-sequence dynamic test signal model was constructed to analyze the
typical inherent characteristics of high-power power loads [13]. In addition, for
evaluating the influence of signal waveforms, non-sinusoidal signal with five sets
of harmonic components has been proposed to test electricity meters errors under
the IEC 62053-21 standard [14-17].

As elaborated above, some error test signals and devices have been
constructed to detect the dynamic error characteristics of electricity meters.
However, there are few analyses on the error sources and internal error models of
electric energy meters under fluctuating loads. Some scholars, by using algorithms
instead of steady-state models, have established active power measurement
algorithms for power measurement units under synchronous, quasi synchronous,
and asynchronous sampling to analyze the steady-state error of the unit [18-20].
For electrical energy measurement units, some scholars have analyzed the
conversion relationship between the accumulation of active power pulses and
electrical energy [21-23]. Unfortunately, when exploring the error source, the
problem has become quite complex because the existing dynamic error testing
methods just focus on error without tracing [24-26].

In this research, we established an inner unit model including
programmable gain Amplifier (PGA), Power Measuring, and Energy Measuring,
and deduced a system-wide model by integrating those unit models. Then, we
decomposed all errors, and traced to each unit after analyzing the dynamic error
models. At last, a proved PGA gain control algorithm was proposed to reduce the
measurement error of SEM for high-power fluctuating loads.



Dynamic error analysis of smart electricity meter under complex fluctuating load 435

2. The dynamic model of Smart Electricity Meter

2.1 System block diagram of the electrical energy measuring module

The structure of active electrical energy measuring module in a SEM is
shown in Fig.1, which is divided into four parts: Voltage input unit, Current input
unit, Active power measurement unit, and Electrical energy measurement unit.
First, the discrete voltage signal {u(n): neN} and the discrete current signal
{i(n): neN} are obtained through PGAs and analog-to-digital converters
(ADCs).
Second, the active power signal p,(n)is calculated by multiplying u(n)and i(n).
And last, the electrical energy measurement unit realizes the accumulation of
power over time, and therefore, obtain the accumulated energy signal e,(n).

: Voltage input unit : e (n)
0
. | . —
u (t)l PGA : u (n) RS | : Electric energy |
L»: ADC :_'ﬁ Active power measuring unit : | 52 calculation :
| | Il 3 )
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1| Multiplier > low pass filter | 0 5 :
| i =)

: | {8 8| Power Accumulation :
[ : : wE algorithm :

PGA gain control
algorithm

Fig. 1 Block Diagram of Energy Metering Module in SEM

2.2 Dynamic model of signal conversion unit

In the actual grid, there is a smaller amplitude variation range of AC
voltage from the power load measurement port under the unsteady load condition
when compared with current input unit. Therefore, the discrete output signal of
Voltage input unit can be expressed as

U=, O, XK, M
in which K, is fixed gain of PGA in voltage input unit, T, is the ADC sampling

interval.

On the contrary, the fluctuating load current amplitude range is larger in
the actual grid. Therefore, the PGA gain must be adjusted to ensure the accuracy
of the ADC measurement. Taking three ranges as examples, set the corresponding
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PGA gain in Current input unit as K;;, K,and K, and K, <K,, <K, respectively,
where K, is used for large amplitude current signals, K,, for medium amplitude
current signals, and K, for the small amplitude current signals. The PGA gain
automatic switching process is shown in Fig. 2.

K, (n')ﬁ

Lo < s (N) < 1y

\ 4
\ 4

n  n+M-1 N, m+M-1 n, n+M-1 >ﬂ'
Fig. 2 Automatic adjusting process of PGA gain in Current input unit

In this figure, 1, , l,, and 1,, are the corresponding current signal
thresholds for K, K,,and K,.Analysis shows that the PGA gain switching and
the magnification do not adjust immediately along with the change of I, (n)and

always lags M fundamental wave periods response, so when the current signal
changes frequently, the dynamic error caused cannot be ignored.

According to the definition of the current RMS value, the dynamic current
RMS T1__(n) can be obtained by the following formula.

i.’I'mS(n’)zlm’!S(N'I'n):JNLNTz-liz(NTn_k) (2)

Thus, the dynamic gain value k;(n’) can be expressed recursively as
K., min{frms(n’) n'=n’, n-1,---,n-M +1} =

k() =1 Kig, max (T, ()0’ =n', =L, n-M+1} <1, 3)
Kig: Iy < { T (W) 10" =10, 0o ML < 1y

Therefore, the discrete dynamic current signal can be expressed as
i()=i,O)]_,; kOl =i(M)xk ()=i,(n)xk (”')Lr:ﬁ J 4)

Where | | is said to be rounded down.
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2.3 Time domain dynamic model of active power measurement unit
Before analyzing, a few symbols are defined as follows.
U, =[u(n),u(n-1),---,u(n—k, +11"
Ly, =[(),i(n=1),---,i(n—k +DT’
Po. =[p(n), p(n=1),---, p(n—k +1'
Prik, =[P (=1, p,(N=2),+, P (N—k,)T'
Where n represents the starting sequence number, k (e N),k,(e N) represents the

column vector dimension.
According to the linear shift invariant (LSI) system definition and the
above mentioned definitions, p,(n) must be expressed as a linear combination of

Q-dimensional input vector P, , and M-dimensional input vector p,

n-1,m ?

po (n) = _Alsn—l,m + BPn,q (5)
Where A=[a,---a,], B=[b,b,--b_,]. P, is expressed as the Hadamard
product form p, . =u , ©1,, of column vectors U , and I, ,. Then

po (n):_Alsn—l,m + B[ Un,q @ In,q] (6)
The Eqg. (6) shows the time-domain dynamic model structure of the active power

measurement unit, whose parameters will be determined in the next section.
Under the steady-state condition, the active power can be expressed as

P =3 2 PN, ~K)=2 AU(N; ~K)i(N; ~k) @)

where the parameter 4, is determined by the specific algorithm.
For easy analyzing, Eq.(7) can be written in the form of vector:

P=2 (UNT, NT+1® INT, NT+1) (8)
where A, =[4, 4, 4, 1. INEQ. (6), when n=N, ,

po(NT) = _AlsNT—l,m +B[UNT,q o INT,q] (9)

When the power measurement unit input is a dynamic signal, this research

gives the model parameters A=0,B=2,q=L, where »and L are adjustable.

According to the filter theory, the power measurement unit model can be written
in the form of the filter coefficient vector multiplied by the input vector.

P, (n):HPn,L = H[Un,l_ © In,L] (10)

Where L is the length of the low pass filter, H=A=[4,, 4,---,4,] . The

power measurement unit model has been simplified to the Moving Average (MA)
model, and its filter parameters are determined by the general form of the power
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measurement algorithm in Eq. (7). Therefore, Eq.(10) is the General Moving
Average (GMA) dynamic mode of the power measurement unit.

Taking the Complex Rectangle Algorithm as an example, the model of

active power measurement unit will be changed to the following Rectangle-MA

form.
p,(N)=H. (U, O1,) (12)
L o120 Lt
WhereHR:[hU'hl"“’hL»l]vhk: L1’ T :
0, k=0
2.4 System-wide dynamic model
The active electrical energy measurement signal e, (n) is defined as,
& () =2 p, (KT, (12)
k=0
p(k)
According to formula (10), there are p, (k)=HP, , =[h;,h,,--h_,] p(kz_l) , kelo,n].
p(k —L+1)

By integrating the dynamic models of SEM, we can derive system-wide

model of smart meter measurement module.

7.3 p() > u(ic) S (MU 010
e,(M=T,> HR,, =H 2P0 || 2000 | 2 kb (mu, 05O
Tsni p(k) _Z'u(k)i(k) 5 k, K. (n")u, (i)i (t)

Je=kT,, n'{LJ
NT

(13)

On the basis of the dynamic internal models of electrical energy measuring
module and the system-wide dynamic model, the following analysis will present
the influences caused by model parameters of each unit on the instantaneous

active power signal.

3. Error analysis of SEM under fluctuating load

Fluctuating Load refers to the electrical load that uses rapidly changing
power from the grid during production periodically or randomly, such as high-
speed railway locomotive, steelmaking electric arc furnace, steel rolling mill, etc.
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The most obvious characteristic of high-power fluctuating load is that the
amplitude of current signal changes randomly with a wide range. Studying on the
dynamic models described in Section 2, it is found that when the amplitude of
current input signal changes randomly within a large range, there is a sensitive
reaction of the current input unit and less error of power measurement unit and
electric energy measurement. Accordingly, this research focuses on analyzing the
dynamic error of current input channel with PGA module.

In order to avoid the frequent mis-switching of the range caused by
periodic interference, the PGA gain switching is often delayed by the cycle in an
actual smart meter design. That is, when the amplitude of the grid current
changes, the PGA gain at the same time will not change immediately, but remains
for a period of time. This can result in power grid current signal being incorrectly
amplified or deviating from the optimal sampling range of the ADC, which can
lead to errors in power metering at a later stage.

A simulation is quoted below to describe the measurement error caused by
PGA gain switching delay in detail. As shown in Fig. 3, the grid current signal
maintains a small signal amplitude in 1~2 fundamental periods. When the current
signal amplitude increases rapidly from the third period, it lasts for 10 periods,
and then returns to a small amplitude signal from the 13th period. According to
the principle of choosing small gain for large amplitude signal, the signal within
3~12 periods should be chosen as a small gain. However, because the PGA gain
switching lags M periods, the large amplitude signal in the 3~(3+M) periods is
limited. Similarly, the small amplitude signal in the 13~ (13+M) period deviates
from the optimal sampling range of ADC due to insufficient PGA gain.
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Fig. 3 An example of PGA gain switching delay
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From the above analysis, it can be seen that the greater the M value or the
more frequent the rapid fluctuation of the current value, the greater the difference
between the output signal of the current channel and the actual current input
signal, the greater the measurement error of the active power and electric energy



440 Jingxia Chen, Kun Liu, Lijuan Du

caused by this; However, the M value is too small, which may lead to frequent
mis-switching of the PGA gain caused by periodic interference.

The influence of lag period on error is analyzed theoretically. Assume that
during the initial stage of measurement (within the 0~ N,T, time period), the
voltage divider of the electric energy meter outputs a steady state voltage signal
with an effective value of u (V), and the shunt of the electric energy meter
outputs a steady state current signal with a small effective value of I, (A). To
ensure that the signal is within the reasonable measurement range of ADC, the
current PGA will choose a larger gain value of K,. When other error factors are

not considered, the active electric energy is:
E, =UK,l,cosg-t/K,=Ul,cose-t (14)
It is the same as the electric energy value obtained by ideal operation, so it
can be said that the error caused by PGA gain amplification under steady-state
conditions is approximately 0.
However, when the amplitude of the current signal changes suddenly, it is
assumed that the effective value increases to K;l, (A) during the N,T, —N,T, time

period. ldeally, the gain value of PGA will decrease to K, /K, to accommodate

the dynamic transformation of the input signal. However, in practical application,
the gain change of current PGA will lag behind the M fundamental periods (T,),

which means that the indication value of current signal will still be amplified to
K,K,l, within the M fundamental periods. When it is larger, the current signal
amplitude \2K,K,1, will exceed the ADC range+M,, causing the current signal to

be limited. Assuming that the reading of active power in the time period is
reduced to P, % of active power in the 0~ N,T, time period, without considering

other error factors, the active electric energy in the N,T, — N,T+MT, time period is

. - UKiKgloPy %ocosp-MT,
KO

therefore, the actual measured active electric energy in the N,T, - N,, time period is

=UK;1,Py %cos¢- MT, (15)

E, =E+UKl,cosp- (N, =N, + M)T, (16)
then the corresponding active electric energy error is

AE :EXE_E .100%

X

(o]
_UK;1,R, %cosg - MT,+UK;l;cosp- (N, — N, + M)T, —~UK;1, cosp(N, —
UK;l, cosp(N, — N,)T,

NI 10006 (17)

_ (1+P, %)M
Nz _Nl

-100%
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In the above formula, E, =UK;l,cos@(N, —N,)T, is the theoretical reference
value of active electric energy in the N,T, —N,T, time period.

According to the analytical formula (17), decreasing the value of M or
increasing the measurement time can reduce the dynamic error caused by the
range switching delay. Considered together, the value of M should be 3~4, which
can greatly reduce the dynamic error and avoid the wrong PGA gain switching
caused by interference. At the same time, the lag period M of switching from
large gain to small gain and from small gain to large gain should be basically
equal, so that the dynamic error can be compensated.

4. A Design for Reducing PGA Dynamic Error

To solve the technical problem that the analog current signal i(t) exceeds
the current range of ADC module after being amplified by PGA module, this
research designs a PGA gain control algorithm based on sampling point analysis.

Theoretical and simulation analysis shows that the current signal
amplitude can be determined by the corresponding limited amplitude interval
time. As shown in Fig. 4(a)~4(d), 1,, is the maximum current measurement value

of ADC module, and T, is its sampling period.
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Fig. 4 Schematic diagram of the number of integer multiple limited amplitude sampling points
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When the current signal amplitude increases to 21, , 41,, ,81,, and
161, ,N,T,, N,T., NgT,, N, T, are respectively defined as the interval time of all
sampling points exceeding I,, during a fundamental wave period.

The simulation implementation steps for the sampling point analysis
algorithm are as follows.

Stepl. Set the amplitude of the current input signal to be 2,4,8,16 times of
I, , and record the number of sampling points N,, N,, Ny, N, that exceed

I, during simulation.
Step2. Set any value between 2I,, and 161,, as the input signal for

simulating the actual current, and record the number of sampling points exceeding
I, as N, during a fundamental wave period.

Step3. Conduct comparative analysis. It shows that when N, <N.<N,,
the current signal amplitude is 2~4 times of 1,,, so the gain amplification factor
k, of PGA module should be reduced by 4 times to ensure that the actual current
signal amplitude is within the optimal sampling range of ADC; Similarly, when
N, <N. <Njg, the gain amplification factor k;should not be more than 1, /8;
when Ny <N, <N, , the gain amplification factor k; should not be more than
Iy /16.

Step4. Feedback the factor k; obtained from the analysis in Step3 to the
PGA module.

5. Algorithm verification

To verify the new algorithm, our project team constructed a system-wide
model of SEM [12] and added the sampling point analysis algorithm to it. The
specific installation diagram is shown in Fig5.

In the verification experiment, an actual certain SEM was selected as the
tested meter, and the Complex Rectangle Algorithm was applied to its power
measurement. The dynamic error test results and new algorithm simulation results
under transient, short-term, and long-term dynamic load modes[12] are shown in
Table 1. It is obvious that after using the new algorithm, the dynamic error of the
electricity meter is much smaller than before use.
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Fig.5 Schematic installation diagram for algorithm verification

Table 1.
New algorithm verification results
On:Off Tested error (%) Simulation error after
using new algorithm (%)
20:100 -57.67 -7.98
30:80 -38.01 -5.32
40:40 -33.9 -3.99
40:100 -30.61 -3.63
80:200 -16.08 -2.01
300:300 -5.92 -0.53

6. Conclusions

In this research, a mathematical model of SEMs' voltage channels, current
channels with PGA, active power measurement units, and dynamic models of
electric energy measurement units were constructed to track the source of
dynamic error. In addition, a comprehensive system-wide model was established
based on the internal signal transmission relationship of SEM. By comparing the
dynamic error of experimental testing with the simulation analysis results, it was
shown that the system-wide model SEM established can be employed to better
analyze the source of dynamic error. Furthermore, in order to reduce the dynamic
measurement error, a proved PGA gain control algorithm was proposed for high-
power loads. Applying the new PGA unit gain control algorithm, PGA switching
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time was greatly reduced and mis-operation was also reduced. As for the time
relationship, this research only focuses on the optimization algorithm for PGA
dynamic switching that caused the largest dynamic error, and the optimization
analysis for other units needs to be further carried out. However, the results of this
study can not only provide an important basis for improving the dynamic
measurement performance of smart meters, but also play an important guiding
role in improving the algorithm of metering chips, optimizing the overall design
of SEMs, and selecting electric energy meters for power departments in the case
of fluctuating load.
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