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Abstract
In order to create the idea of AC switch without electric arc and inrush voltage to the
power system, the study of accurately catches AC zero crossing of a mechanical relay is
put forward in this paper. It is the key to make the switch act at the right predicted time
which realizes switch on or off exactly at the AC zero crossing point. However, the action
time of a mechanical switch is affect by many factors such as driving voltage, ambient
temperature, age of the mechanic structure. Aim at the discrete measurements of latching
relay action time, the Kalman filter mathematic model is introduced in this paper to
eliminate the dynamic noise and measurement noise which affects the bias time drift from
the zero voltage or zero current point. Simulation result by matlab and group data get
from experiments of a realized multichannel switch indicate that Kalman filter algorithm
can overcome the discreteness of latching relay action time measurements. Also
confirmed by statistical experiments that synchronous switch action precisely and reliably
at AC zero point which can ensure the ability of suppress electric arc and high frequency
inrush current.
Keywords: synchronous switching, latching relay, zero voltage switching (ZVS), zero
current switching (ZCS), Kalman filter mode

1. Introduction
A traditional electric switch generates high frequency inrush current since the high
voltage directly adds on load when it is turned on. Meanwhile it may also produce arc
once it is turned off while current is not zero at the moment [1]. Inrush current in the load
and the arc in the switch are not what expected because it not only shorten the load life
and especially arc burning greatly impact on the contactor’s conductivity and it is the
main reason that a switch generally has a very short safe working life span. In sever case,
arc might lead to the contactor stick together and fail to separate again. In this paper, a
smart synchronous switch technology is proposed to solve the above problems.
Synchronous switch is to let the switch acts at the AC voltage or AC current zero
crossing time which overcomes the voltage shock to the load at switch on and electric arc
between the switch contactor at switch off [2-3]. It is an advanced technology to make the
switch much longer life than the traditional one.

2. Synchronous Switch Principle
2.1. Introduction of Synchronous Switching
Synchronous switch is a new kind smart switch which synchronizing the switching
pace to the AC zero crossing under the controlling of Micro Processor Unit (MPU) to
mechanical execution switches inside [4]. In order to control the switch by electric pulse,
power latching relay is chosen as the mechanical execution switch. Latching relay is
based on mechanic contactor, it has advantage of lower power consumption, and excellent
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feature in power switch application in situation of overvoltage, over current. And it needs
not any heat sink.
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Figure 1. Diagram of Synchronous Switch
As shown in Figure 1. There are three latching relays inside the three-phase
synchronous switch which controls the U, V and W phase. The function of MPU is to
detect voltage or current zero crossing point, process control commands and predicate the
next action time. Synchronous switch combines traditional mechanical switch and MPU
technology.
2.2. Principle of Synchronous Switching
In smart synchronous switch, the main function of MPU is to catch the cycle 𝑇 of
ACpower and zero crossing point of each phase. Because there is several
milliseconds delay 𝑡𝑠 (for easier description, set𝑡𝑠 = 𝑡𝑜𝑛 = 𝑡𝑜𝑓𝑓 , where 𝑡𝑜𝑛 means the
delay when the switch turns on, while𝑡𝑜𝑓𝑓 means the delay when the switch turns
off) between command send from MPU and execute by mechanical device, so the
command sending time must be𝑡𝑠 ahead the next AC zero point whichcan ensure the
switch acts accurately at the power zero crossing point [5-6].
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Figure 2. Sequence Diagram
As shown in Figure 2. If the first zero point is𝑡0 , the period of the AC power is𝑇, so the
next zero point is 𝑡0 + 𝑇/2.According to the characteristics of the switch action delay
time𝑡𝑠 ,which is measured normally less than 6 ms, MPU calculates the command sending
time𝑇/2 − 𝑡𝑠 , namely at time𝑡′.After𝑇 − 𝑡𝑠 from zero point, MPU sends control command
to the mechanical execution unit. Then after time 𝑡𝑠 , the switch could execute the order at
the zero point [7].
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Figure 3. Workflow Diagram
The workflow of synchronous switch is shown in Fig.3. The switch on and off
workflow are both the same. The ts is the action time which includes switch on action
time and switch off action time. The control command is sent after𝑇 − 𝑡𝑠 from zero point,
meanwhile, the timer starts to work. The feedback signal is detected to indicate the switch
progress finish. Then the timer stops and calculates the present action time, also predicts
the next action time.
However, different environment and temperature as well as the times the switch is used
are all factors to impact the delay time slightly. As a result, the action time of each switch
is not consistent. Besides, it is not good to test the delay time one by one in manufacture,
That is to say the action time of each switch has to be confirmed by self-learning during
the work. The real action time can be expressed as follows [8-9]
𝑡𝑘 = 𝑡̅ + ∆𝑡𝑘
(1)
Where, 𝑡𝑘 is the execution time of each switch measured by the𝑘times. It contains two
parts𝑡̅and∆𝑡𝑘 . 𝑡̅is the average action time of the switch, ∆𝑡𝑘 is the drift time compare with
the average time. Thus, a dynamic correction math model mechanism is needed for
synchronous switch to amend the action time in order to ensure zero point switching in
various environments.

3. Hardware Design
3.1. AC Zero Detection Circuit Design
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Figure 4. Circuit of Zero Point Detection
As shown in Figure 4. Zero detection circuit is used for detecting zero point potential
between contacts. The input Uio is the differential voltage of the power of contacts. In
order to deliver the output zero signal to 5V power supply MPU, the power of zero point
detection circuit is also designed to be 5V.Besides, 5.1V stabilivolt is used of the
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reference voltage of compactor LM339’s input voltage. The AC signal turns to zero signal
output when AC goes to negative, the input and output wave is shown in Figure 5.

Figure 5. Zero Detection Experiment Wave
In Figure 5, sinusoidal signal is the sample of AC voltage input signal, and the pulse
signal is the zero output signals. There is almost no phase shift between input and output
signal. Hence, when the zero point of one phase is detected, the zero point of other two
phases can be speculated by MPU based on the principle of three phases AC power.
3.2. Action Feedback Circuit Design
Action feedback circuit uses for measure switch action time.
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Figure 6. Circuit of Action Feedback
As shown in Figure 6. The action feedback circuit takes sample from the output of
switch. When switch is on, AC current flow through bidirectional optocoupler, the output
signal changes to pulse signal from high level signal.

Figure 7. Action Feedback Circuit Experiment Wave
As shown in Figure 7. Due to the minimum current value is needed to make the
bidirectional opt coupler work and the triodeQ1 need minimum base-on drive current,
there is a short period off work time 𝑡𝑐 around zero point for optocoupler and triode.
Speculated from experiments, the fixed deviation 𝑡𝑐 is 1𝑚𝑠 which can be corrected by
algorithm to get the true value.
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4. Kalman Filter Model
4.1. Principle of Kalman Filter
Kalman filter is an optimization regression data processing algorithm. Its principle is to
use the dynamic information of the target to get rid of the influence of noise and get an
ideal state estimation of the target [10]. Kalman filtering is a recursive estimation
algorithm, which can be applied to calculate the estimation of current states long as obtain
the last moment state estimation and the current state observed value, so there is no need
to record observations or estimates of historical value. Meanwhile, it is a pure timedomain filter it is not like those frequency domain filter which needs to calculate in
frequency domain first then transformation to the time domain [11-12]. The basic idea is:
the use of space model of signal and noise, with the last moment estimate value and
current state observations, to update state variables estimation, and then get the current
accurate estimate value. Its advantage is to eliminate random noise, so as to approach the
useful information [13].
4.2. Algorithm of Kalman Filter
Due to some inevitable factors, the measured action time of all mechanical switches
has certain discreteness. As shown in Figure 8.
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Figure 8. Action Time of Latching Relay
In Figure 8, there are 100 times for switch on and off records graph of action time. As
can be seen from the graph, there isn’t any law to follow no matter in switch on action or
in switch off action. In this case, the accuracy of switch at zero point cannot be ensured.
Thus, in order to overcome the discrete action time of mechanical switch, and to adapt
the environment changes which affect the action time, this article adapt Kalman filter
model to predict the optimal action time.
The three-phase synchronous switch contains three latching relays.𝑇𝑜𝑛 is the switch on
action time, and 𝑇𝑜𝑓𝑓 is the switch off action time.The state equation of system can
conclude as[14-16]:
𝑋𝑘 = 𝛷𝑘,𝑘−1 𝑋𝑘−1 + 𝛤𝑘−1 𝑈𝑘−1 + 𝑤𝑘−1

(2)
Where Xk are the state variables; Φk,k−1 and Γk−1 is state transition matrix; Uk is system
controlling quantity; wk−1 is system noise.
Thus, state vector is defined as
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𝑇𝑜𝑛1𝑘
𝑋𝑘 = [𝑇𝑜𝑛2𝑘
𝑇𝑜𝑛3𝑘

𝑇𝑜𝑓𝑓1𝑘
𝑇𝑜𝑓𝑓2𝑘 ]
𝑇𝑜𝑓𝑓3𝑘

(3)
TheTon1k ,Ton2k and Ton3k represent estimate switch on action time of the three latching
relays, while Toff1k ,Toff2k and Toff3k represent estimate switch off action time of the three
latching relays.
Theoretically, the relay action time is fixed. So, assuming the𝑘 moment action time
and𝑘 − 1moment action time are the same. The state transition matrix is defined as
1
𝛷 = [0
0

0
1
0

0
0]
1

(4)
Because there is not system controlling quantity, Uk = 0. Then state equation simplified
as:
𝑋𝑘 = 𝛷𝑘,𝑘−1 𝑋𝑘−1 + 𝑤𝑘−1

(5)
The system measured value is the observed value. So the observe matrix can also
defined as unit matrix, namely𝛨 = 𝛷.
Thus, the k moment system observation equation can express as
𝑌𝑘 = 𝛨𝑘 𝑋𝑘 + 𝑣𝑘

(6)

𝑌𝑜𝑛1𝑘

𝒀𝒌 = [𝑌𝑜𝑛2𝑘
𝑌𝑜𝑛3𝑘

𝑌𝑜𝑓𝑓1𝑘
𝑌𝑜𝑓𝑓2𝑘 ]
𝑌𝑜𝑓𝑓3𝑘

(7)
Where Yon1k , Yon2k and Yon3k represent observe switch off action time of the three
latching relays, whileYoff1k , Yoff2k andYoff3k represent observe switch off action time of the
three latching relays.Ηk is observe matrix;vk is measurement noise.
Assuming system noise 𝑤 and observation noise 𝑣 are zero mean noise, mutual
independence, and meet the normal distribution. Its statistical characteristics are as
follows
𝐸(𝑤𝑘 ) = 𝐸(𝑣𝑘 ) = 0

(8)
𝑐𝑜𝑛(𝑤𝑘 , 𝑤𝑗 ) = 𝐸(𝑤𝑘 𝑤𝑗 𝑇 ) = 𝑅𝑘 𝛿𝑘𝑗

(9)
𝑐𝑜𝑛(𝑣𝑘 , 𝑣𝑗 ) = 𝐸(𝑣𝑘 𝑣𝑗 𝑇 ) = 𝑄𝑘 𝛿𝑘𝑗

(10)
𝑅𝑘 = 𝑣𝑎𝑟(𝑤𝑘 ) = 𝐸(𝑤𝑘 𝑤𝑗 𝑇 )

(11)
𝑄𝑘 = 𝑣𝑎𝑟(𝑣𝑘 ) = 𝐸(𝑣𝑘 𝑣𝑗 𝑇 )

(12)
Where𝑄𝑘 is the covariance of system noise,R k is the covariance of observation noise.
The Kalman filter algorithm can split into two steps. Firstly, using the optimal
estimation of last moment to predicate the current state𝑋̂𝑘,𝑘−1 and covariance𝑃𝑘,𝑘−1 ,
𝑋̂𝑘,𝑘−1 = 𝛷𝑘,𝑘−1 𝑋̂𝑘−1

(13)

𝑇
𝑃𝑘,𝑘−1 = 𝛷𝑘,𝑘−1 𝑃𝑘−1 𝛷𝑘,𝑘−1
+ 𝑄𝑘

(14)
Then calculate the Kalman gain𝐾𝑔𝑘 . According to the current state to calculate the next
optimal estimation value𝑋̂𝑘 , and update the system covariance𝑃𝑘 .
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𝐾𝑔𝑘 =

𝑇
𝑃𝑘,𝑘−1 𝛨𝑘

𝑇 +𝑅
𝛨𝑘 𝑃𝑘,𝑘−1 𝛨𝑘
𝑘

(15)

𝑋̂𝑘 = 𝑋̂𝑘,𝑘−1 + 𝐾𝑔𝑘 (𝑌𝑘 − 𝛨𝑘 𝑋̂𝑘,𝑘−1 )

(16)
𝑃𝑘 = (I − 𝐾𝑔𝑘 𝛨𝑘 )𝑃𝑘,𝑘−1

(17)
Every time the optimized estimate value 𝑋̂𝑘 of𝑘moment is obtained, the Kalman filter
algorithm takes 𝑋̂𝑘 and 𝑃𝑘 as exist conditions, and repeat these steps to make operation
continuous [17-22].

5. Simulation and Experiment
5.1. Simulation of Kalman Filter
According to the datasheet of latching relay, it has a million times of electrical life.
Hence, the test program is designed to measure the action time of latching relay once after
every 1000 times of switch action which includes switch on action time and switch off
action time. There are three lathing relays in one synchronous switch are been test. 200
groups of data for each latching relay are obtained. So, the test last 200,000 times for each
relay.
̂0 =
In order to make Kalman filter work, the initial state and covariance are set asX
5ms, P0 = 50. The simulation results are shown in Figures 9-11.
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Figure 9. Simulation of Second Latching Relay
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Figure 10. Simulation of First Latching Relay
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Figure 11. Simulation of Third Latching Relay
In Figures 9-11, dots represent the original measured data, and the curves represent the
output data of the Kalman filter. Although the same initial values are given, the outputs
are fast convergence to real action time of three different latching relays. Despite the fact
that the action of first one fluctuates a little at the beginning, the others are very stable. As
shown in the graph, the original data has larger discreteness whether switch on or switch
off of action time. However, after processed by Kalman filter, the prediction outputs are
much relatively stable. Moreover, it can follow the trends of original measured data.
5.2. Experiment of Zero Switching
In order to testify the effect of Kalman filter to the accuracy of zero point switching, a
contrast experiment was designed. The test program controls one latching relay of
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synchronous switch act 200 times, then using the oscillograph to record the voltage wave
when switching. One group use the Kalman filter, while another group doesn’t.

Figure 12. Current Wave of Switch On
The curve shown in Figure 12 is the load current wave when switch on at voltage zero
point. Although the inrush current still exists, the inrush current is much lower than ever.

Figure 13. Current Wave of Switch Off
The curve shown in Figure 13 is the load current wave when switch off at current zero
point.
According to the statistics of the phase position deviation of zero point switching, the
phase position deviation of probability density distribution chart was drawn.
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Figure 14. Statistics of Phase Position Deviation
The curve with circles in Figure 14 is the probability density distribution of random
switching experiment, and the curve with dots in Figure 14 is the probability density
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distribution of Kalman filter switching experiment. In the random switching process,
every switching is mutual independence. Thus, the probability density distribution curve
of random switching closes to the uniform distribution curve. However, the probability
density distribution of Kalman filter switching follows Gaussian distribution. The 90%
part of the deviations concentratein±0.5𝑚𝑠. By using curve fitting, the expectation and
variance are obtained. Where expectationμis−0.12, varianceσ2 is0.32. In conclusion that
the deviation of zero point switching with Kalman filter algorithm is decreased greatly,
and the accuracy of zero point switching is considerably improved.

6. Conclusion
In order to solve the inconsistency of mechanical switch action time, and to ensure the
accuracy of zero point switching, this action time prediction method based on Kalman
filter model is proposed. Simulation results show that this model can forecast the action
time and improve its accuracy.
Confirmed by the experiments, by using the Kalman filter model, the 90% of the
deviations are concentrate in . The experiments prove that mechanical switch can also
realize zero point switching. Meanwhile, the inrush current and electric arc are both
improved greatly.
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