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An Online Thermal De-icing Method for Urban Rail Transit Catenary 
Yunda Wang, Gang Zhang, Zhongbei Tian, Ruichang Qiu and Zhigang Liu
Abstract—The frequent icing of catenary in cold areas has seriously affected the normal operation of urban rail transit.  Among many de-icing methods for catenary, the thermal de-icing method which uses current Joule heat to melt ice has been widely adopted due to its efficiency and safety. However, most of the thermal de-icing methods are only applicable when the line is out of service, which cannot solve the icing problem of catenary during the operation period. In order to solve this problem, this paper proposes a novel online thermal de-icing method which takes the catenary of up and down lines as the de-icing current loop. Based on the Bolsdorf theory, the de-icing and anti-icing current of catenary are calculated, and the structure and control strategy of de-icing power unit (DIPU) are designed. The influence of online de-icing on the traction power supply system is quantitatively analyzed by the electric network model. The accurate dynamic simulation model of the traction power supply system including the DIPU is established to verify the analysis conclusion. The results show that the online thermal de-icing method has limited influence on the traction power supply system, but achieves good de-icing performance in the normal operation of the line.
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Introduction
U
nder the influence of low temperature, wet snow and other climatic conditions, the icing phenomenon of urban rail transit catenary occurs frequently [1]-[4]. The catenary is composed of contact wire and messenger wire, which is an important part of the traction power supply system. The train obtains electric energy through pantograph sliding contact wire. When the catenary is covered with ice, arcing will occur between the contact wire and the pantograph, which will cause the train unable to take current normally and even lead to major accidents such as contact wire breaking and pantograph striking [3]-[5]. In February 2020, affected by the temperature drop, some sections of Tianjin Line 9 had icing phenomenon in the normal operation period, which led to the train pantograph unable to take current normally and the icing sections stopped. In order to ensure the normal operation and power supply safety of urban rail transit lines in bad weather, the research on the de-icing technology of catenary becomes very urgent.
At present, the de-icing methods of catenary can be divided into mechanical de-icing method, chemical anti-icing method and thermal de-icing method [6], [7]. Mechanical de-icing usually adopts the way of the train coasting in the icing section, and uses the pantograph to scrape the ice on the contact wire passively. The friction stress and arc generated in this process usually cause great damage to the pantograph and contact wire [8]. The chemical anti-icing method prevents the contact wire from icing by applying special agent [9], [10]. However, the friction under the operation state of the line reduces the time of the agent action on the contact wire and weakens the effect. The chemical anti-icing method also causes environmental pollution. The thermal de-icing method uses a large current to generate Joule heat in the catenary to melt ice [11-16]. Compared with other methods, the thermal de-icing method has less damage, higher efficiency, no pollution, and higher practical application value.
Regarding the thermal de-icing method, the different forms of de-icing current can be divided into AC current de-icing and DC current de-icing [13], [14].  Both these forms are using short circuit [15], [16]. In this method, one end of the line requiring de-icing is short-circuited or connected in series with small impedance, and the other end is connected with the power supply to provide enough de-icing current. Due to the negative impact of the short circuit, the short-circuit method can only be used for de-icing when the line is out of service. The resistance wire heating method is also applicable to both AC and DC de-icing current. In this method, an insulated wire with large resistance is built in the contact wire for de-icing. Alstom in France and Hitachi in Japan have developed the corresponding catenary de-icing system [17], [18]. The resistance wire heating method can be used for online de-icing, but it is easy to burn off the contact wire due to the heat of the built-in insulation wire when de-icing. Moreover, the complex structure and high manufacturing cost of contact wire limit its application. In [19], [20], a skin effect de-icing method with high-frequency AC current was proposed. This method has the advantage of low de-icing power supply capacity, but it can only be used as an offline de-icing method due to high-frequency current injection and electromagnetic interference. In [21], a de-icing method was proposed to control SVG to increase the reactive current in the line. This method does not affect the load during de-icing, and is an effective online de-icing method using AC. In [22], a circulating current de-icing method based on energy feedback device was proposed. By controlling converter working states in different traction substations, DC circulating current is generated in the catenary between traction substations for de-icing. This method does not need to add an additional power supply, but requires high feeding capacity. This method can only be used during offline, because de-icing circulating current has a significant impact on catenary voltage.
The DC power supply system is widely used in urban rail transit. If the AC de-icing current is injected into the line, it will bring the AC disturbance to the DC catenary voltage and affect the normal operation of the train. Therefore, it is more suitable to use DC current to de-ice for catenary during operation. The existing online thermal de-icing method usually adds a resistance heating wire which increases the complexity of the catenary structure. It is of great significance to design an online thermal de-icing method for urban rail transit catenary with small-scale modification, which does not affect the normal operation.
This paper proposes a novel online thermal de-icing method for catenary of urban rail transit. In Section II, the de-icing and anti-icing current of catenary under different weather conditions are calculated based on the Bolsdorf theory. In Section III, the realization and working principle of the online de-icing method are described, and the structure and control strategy of the DIPU are designed. In Section IV, the influence of this method on the traction power supply system is quantitatively analyzed, and the accurate dynamic simulation model of the de-icing system is established and verified in Section V.
De-icing Calculation of Catenary
There are various types and shapes of ice covering for catenary, which can be generally divided into rime ice, glaze ice and mixed glaze [23]. The formation of catenary icing is affected by the meteorological conditions, for example, ambient temperature, air humidity and wind speed. Among all the factors, air humidity plays a decisive role in the type of icing [24]. When the air humidity is low, the supercooled water droplets captured by the contact wire can completely solidify on the surface. This icing process is called dry growth, and the ice formed is rime.  When the air humidity is high, only part of the supercooled water droplets captured by the contact line solidifies on the surface, showing a mixed state of ice and water. This icing process is called wet growth, and the ice formed is glaze and mixed glaze [25]. The ice formed by dry growth is loose and has little adhesive force, which usually has little impact on the train operation. However, the ice formed by wet growth has high density and strong adhesive strength, which causes significant damage to the catenary and pantograph. The previous research showed that the formation conditions of wet growth icing are wind speed of 3-15m/s, temperature of 0-1.5°C and air humidity of 80%. Therefore, the de-icing of catenary aims to remove ice formed by wet growth under this meteorological condition [26].
It is necessary to ensure that the Joule heat generated by the current on the catenary is greater than the sum of the heat absorbed by the ice melting and the heat dissipated during the ice melting process. The minimum de-icing current represents the minimum current required to melt the ice covering of the catenary under the corresponding ambient temperature, wind speed conditions and air humidity. According to Bolsdorf theory [27], the formula for calculating the minimum de-icing current of wet growth icing can be derived as follows:

							  (1)

									   (2)

		  		  (3)
where Δt is the difference between the conductor temperature and the outside air temperature (°C), R0 is the resistance of the conductor per unit length at 0°C (Ω/m), RT0 is the equivalent ice conduction thermal resistance (°C·cm/W), RT1 is the equivalent convection and radiation thermal resistance (°C·cm/W), D is the outer diameter of the conductor after icing (cm), d is the conductor diameter (cm), v is the wind speed (m/s), and λ is the thermal conductivity (W/°C·cm), which is taken as 2.27×10-2 for the wet growth icing.
In order to ensure the de-icing effect, the de-icing current used in practical application should be greater than the minimum de-icing current. The de-icing time should also be considered. The relationship between de-icing current and de-icing time is as follows:

 (4)
where Ir is de-icing current (A), Tr is de-icing time (h), b is ice thickness (cm), and g0 is the density of ice, which is generally taken as 0.9.
The de-icing current is limited by the maximum allowable temperature of the conductor itself. Under the corresponding ambient temperature and wind speed conditions, the maximum current for the wire to reach the allowable temperature of the conductor in a short time is:

  	(5)
where Imax  is the maximum allowable de-icing current (A), and R90 is the resistance of the conductor per unit length at 90°C  (Ω/m).
In addition to de-icing the catenary, Joule heat generated by the current can also be used to protect the catenary without icing. The anti-icing current can be written as follows:

		     	  (6)
where εi is the radiation coefficient, which is generally 0.6 for copper conductor, t1 is the temperature of unfrozen conductor which is generally 0°C, and t2 is the ambient temperature (°C) when the conductor is frozen.
According to the above calculation method, this paper carries out de-icing calculation for the catenary of Tianjin Line 9. The catenary of Tianjin Line 9 adopts the form of parallel connection of double messenger wires and double contact wires. The type and resistance parameters of messenger wire and contact wire are shown in TABLE I. The calculated equivalent resistance of catenary is 0.0334Ω/km.
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]For the worst wet growth icing meteorological conditions with a wind speed of 15m/s and a temperature of -1.5°C, according to (1)-(6), the de-icing current, maximum de-icing current, minimum de-icing current and anti-icing current of contact wire, messenger wire and catenary of Tianjin Line 9 can be calculated. When the ice thickness is 1cm and the de-icing time is 60min, the calculation results are shown in TABLE II.

TABLE I
Catenary Parameters of Tianjin Line 9
	Catenary Form
	Parallel connection of double messenger wires and double contact wires

	
	[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Messenger wire
	Contact wire

	Type
	CTHA120
	JT150

	Wire Diameter(mm)
	13.20
	15.80

	20°C Conductor Resistance(Ω/km)
	0.1488
	0.1213

	20°C Catenary Resistance(Ω/km)
	0.0334


13


TABLE II
CALCULATION RESULTS OF DE-ICING FOR CATENARY
	Type
	Anti-icing Current(A)
	Minimum De-icing
 Current(A)
	Maximum De-icing Current(A)
	De-icing Current(A)

	Messenger Wire
	298.4
	276.6
	1388.6
	280.6

	Contact Wire
	251.7
	240.8
	1034.8
	243.9

	Catenary
	1100.2
	1034.8
	5122
	1049.1



[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Online Thermal De-icing Method 
The DC traction power supply system of urban rail transit is mainly composed of traction substation, catenary and return rail. Among them, the traction substation mainly includes rectifier unit and energy feed device [28]-[32]. The DC positive feeder of the traction substation is connected to the catenary on the up and down lines for trains to collect current, and the negative feeder is connected to the rail to return current. Based on the existing traction power supply system, the online thermal de-icing method proposed in this paper adds DIPU to de-ice the icing section. The DIPU output ports are connected to the midpoint of the up and down catenary. The de-icing or anti-icing current is injected from the midpoint of the up catenary, and returns to the down catenary, as shown in Fig. 1.

[image: ]
Fig. 1. Schematic diagram of online thermal de-icing method of catenary

A. Various thermal de-icing method comparison 
As a comparison, Fig. 2 shows the realization and current flow path of traditional catenary thermal de-icing methods (short-circuit and circulating current method).
[image: ]
(a) De-icing method for short circuit between catenary and rail


[image: ]
(b) De-icing method for short circuit between up catenary and down catenary
[image: ]
(c) Circulating current de-icing method of energy feed device
Fig. 2. Schematic diagram of traditional de-icing method of catenary
The short-circuit method with catenary and rail as de-icing current path is shown in Fig. 2(a). In this method, the catenary and rail are short-circuited at the end of the line, and a power supply is connected at the beginning to provide current for de-icing. In order to transmit the de-icing current through the whole icing section and prevent the traction substation from short circuit, the traction substations on both sides of the icing section must be disconnected, which directly limits the application of this method in de-icing of operation lines. The short-circuit method in Fig.2(b) uses the unique catenary structure by taking the up and down catenary as the de-icing current flow path. However, similar to the method in Fig. 2(a), the traction substations on both sides of the ice covered section must be disconnected due to the short-circuit effect of the line. The circulating current method shown in Fig. 2(c) makes use of the bidirectional conduction characteristics of the energy feedback device. The energy feedback devices in two traction substations work in the mode of rectification and inversion respectively, transmitting the de-icing circulating current between the catenary and the rail.
Compared with Fig. 2(a) and Fig.2 (b), the online de-icing method in Fig. 1 does not require traction disconnection caused by short circuit in de-icing section. Moreover, the DIPU is set at the midpoint of the de-icing section to ensure that the de-icing current of both sides of the catenary is the same. If it is set in other positions, the distribution of de-icing current on both sides of catenary is different, and the total output current of DIPU is larger under the same icing condition. Therefore, the optimal de-icing efficiency of DIPU can be achieved by setting it at the midpoint. Compared with Fig. 2(c), the de-icing current in Fig. 1 is not in the same flow path with the traction current, which avoids the rise of catenary voltage. This means that the traction power supply system and the de-icing system are in a relatively independent state, which makes it possible for DIPU to de-ice the catenary of the operating line. However, the de-icing current injected by DIPU will bring additional voltage drop to the catenary, and the de-icing current may still pass through the train and rail when there are trains in the up and down sections of operation. The influence of DIPU on the traction power supply system and train needs further analysis and evaluation to ensure the reliability of the online de-icing method, which will be discussed in detail in Section IV.
B. DIPU structure and control
The DIPU in the online de-icing method is composed of AC/DC converter and DC/DC converter, and its basic topology is shown in Fig. 3.

[image: ]
Fig. 3. Circuit topology of DIPU


AC/DC converter is a full-bridge converter with bidirectional converter capability. Its main function is to provide a suitable DC voltage for DC/DC converter. The AC side is connected to the nearby substation, and the DC side is connected to the input side of DC/DC converter. The control method of AC/DC converter adopts PI control of voltage and current double closed loop [33], as shown in Fig. 4.


[image: ]
Fig. 4. Control method of AC/DC converter
DC/DC converter is also a full-bridge converter with bidirectional converter capability. The control method adopts PI control of single current loop, as shown in Fig. 5. DIPU is controlled as a current source at the DC output, and its output de-icing current is

									  (7)
where Ir is the de-icing current of catenary calculated according to the actual meteorological conditions and ice thickness.

[image: ]
Fig. 5. Control method of DC/DC converter
C. De-icing control strategy
[bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK19][bookmark: OLE_LINK20]The de-icing control strategy of online thermal de-icing method is shown in Fig. 6. As shown, the de-icing control strategy is realized by three systems: icing monitoring and analysis system, de-icing current calculation system and DIPU control system. The icing monitoring and analysis system is mainly used to monitor the icing status of the catenary. When the wet growth ice thickness is more than 1cm, the power taking of train pantograph will be obviously affected. At this time, the icing monitoring and analysis system should issue a de-icing warning to prepare for catenary de-icing. The de-icing current calculation system mainly calculates the required de-icing current according to the ice thickness, de-icing time and weather conditions. After the de-icing current is injected into the catenary, 1cm ice coating will not grow and melt gradually. It is not necessary to reduce the de-icing time to a very short time to increase the capacity of DIPU and the impact on the traction power supply system. Therefore the de-icing time is set to 60 minutes by default. The weather conditions are subject to the detected atmospheric temperature, wind speed and humidity. After calculating the de-icing current, the DIPU control system sends out the current command to make the DIPU output the de-icing current to the catenary.

[image: ]
Fig. 6. Schematic diagram of de-icing control strategy

When one de-icing is completed, two modes of DIPU operation can be selected. One mode is that when the ice completely melts, according to the weather forecast or local weather regularity, if the weather conditions during the operation of the line are still easy to make the catenary icing, the DIPU anti-icing mode can be opened to protect the catenary from icing. The other mode is that the anti-icing protection is not opened after the first de-icing, then the next de-icing is the same as the first de-icing, which is determined according to the judgment of the icing monitoring and analysis system.
Influence Analysis of Online De-icing Method
The requirement of online de-icing is that the influence of DIPU on the traction power supply system and train in operation state is within the acceptable range. In this section, the influence of DIPU on the de-icing section is quantitatively analyzed based on the electrical network model.
A. De-icing analysis scenarios
For the traction power supply system with DIPU and train operation on up and down lines, its equivalent electric network model is shown in Fig. 7. The up and down trains are equivalent to current sources [34]. The train current I1 and I2 are positive for traction state. The train positions are represented by x1 and x2, corresponding to nodes 3 and 4. The traction substation can be simplified as voltage source branches according to its working characteristics, with voltage of Udc0, corresponding to nodes 1 and 2. DIPU is represented by an equivalent current source, with current of IIM, and its injection node and return node are 5, 6, respectively. Rosc represents the catenary resistance per unit length and L represents the total length of de-icing section.

[image: ]
Fig. 7. Equivalent model of online de-icing system

According to the location relationship among the train, substation and DIPU nodes, the network topology of the de-icing section can be divided into four situations as shown in Fig. 8. For example, in the case of Fig.8 (a), the position of the up train is between traction substation 1 and DIPU, and the position of the down train is between DIPU and traction substation 2.
 

[image: ] 			[image: ]
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Fig. 8. Network topology of online de-icing system under different train positions


B. Influence of online de-icing on train
The influence of online de-icing on the train can be evaluated by the offset of train voltage before and after the DIPU is turned on. According to the superposition theorem, the current and node voltage of each branch of the network before and after the DIPU is turned on can be calculated under different situations. When train1 is in the section of 0 < x1 < L/2 and DIPU is turned off, the catenary current (I13, I35) on both sides of the train and the voltage drop (U31) of the train node relative to the traction substation are:

 							  (8)

								     (9)

 						      (10)
When DIPU is turned on, it can be expressed as

					     (11)

 						    (12)

 	  			  (13)
Therefore, for the section of 0 < x1 < L/2, the train voltage offset brought by DIPU online de-icing is

	    			  (14)
Similarly, the offset of voltage of trains in all de-icing sections during online de-icing can be obtained as:

	 	   (15)
As shown in (15), when the DIPU is turned on, the train voltage offset is only determined by the de-icing current, train position and de-icing section length. During the online de-icing, the train voltage on the up line increases, while the train voltage on the down line decreases. The increase or decrease of the voltage is proportional to the de-icing current and inversely proportional to the distance between the train and DIPU. When the train is at the midpoint of the section during online de-icing, the offset of train voltage brought by DIPU reaches maximum as (16).

						      (16)
Taking the icing section of Tianjin Line 9 as an example, the total length of the icing section is about 3.8km. According to the parameters and calculation results in TABLE I and TABLE II, the maximum voltage offset caused by DIPU to the running train during the online de-icing is 66.6V by the (7) and (16). If the online anti-icing is carried out before the catenary is not iced, the maximum voltage offset of the train is 69.8V. For the train running under 1500V traction power supply system, this low voltage offset caused by online de-icing or anti-icing is completely acceptable.
C. Influence of online de-icing on traction power supply system
The influence of online de-icing on the traction power supply system can be evaluated by the influence of DIPU on the power of traction substation. In the case of L/2 < x1 < L, L/2 < x2 < L, the power and the sum of traction substations on both sides of the de-icing section is

      				  (17)

	 		 (18)

    			  (19)
After the similar calculation, the results in other cases are the same. Equation (19) shows that the power of traction substation is only related to the train current, but not to DIPU, so DIPU will not affect the traction in the process of online de-icing.
D. Capacity of DIPU
The DIPU capacity calculation is of great significance in designing its structure and parameters. When train1 is in the section of 0 < x1 < L/2, the voltage at DIPU injection node is

 (20)

The DIPU injection and return node voltages of trains in different sections can be calculated, and then the DIPU terminal voltage and power can be obtained as:

						   	  (21)

		 (22)
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Since the IIM is a given command value, the power of DIPU is proportional to its terminal voltage. Equation (22) shows that the terminal voltage of DIPU is determined by its own de-icing current command and train status when the length of de-icing section and catenary resistance are fixed.
According to the variable and inequality transformation, the power range of DIPU can be obtained as shown in TABLE III. The positive train current indicates that the train is in traction state and the negative one indicates that the train is in braking state.

TABLE III
POWER RANGE OF DIPU
	Train Position Range
	Train Current Range
	Power Range of DIPU
	
Necessary Conditions for 
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As shown in TABLE III, the maximum de-icing power of DIPU is 


	      (23)
which occurs when the train on the up track is braking and the  train on the down track is motoring. The minimum de-icing power of DIPU is


	      (24)
which occurs when the up train is motoring and the down train is braking. According to the analysis of DIPU power range in TABLE III, except for the condition of braking of the up train and motoring of the down train, the de-icing power may be negative under other working conditions. So DIPU should have the ability of bidirectional energy flow to adapt to the different running states of the train in the section during de-icing.
The negative power of the DIPU means that it will absorb some power from the traction power supply system at this time. The source of these powers should be identified. According to the analysis conclusion of Part C in this section, there is no mutual influence between DIPU and traction substation, so the total power of the train is calculated as

	  	(23)
It can be found that when the up and down lines have trains at the same time, there will be power exchange between DIPU and trains. The power exchange is

					(24)
Simulation Verification
The accurate dynamic model of catenary de-icing system including DIPU is established by MATLAB simulation software according to the actual characteristics of urban rail transit traction power supply system. The model is composed of three parts: traction calculation module, de-icing calculation module and DC power flow calculation module. The calculation process is shown in Fig. 9. The traction calculation module calculates the position and power of each train at each time according to the actual line conditions and train traction strategy. The de-icing calculation module sets the position of de-icing section, and calculates the online de-icing and anti-icing current according to the given meteorological conditions and icing thickness. The DC power flow calculation module calculates the power flow of key nodes such as each traction substation, train and DIPU ports according to the network parameters and the results provided by the traction calculation module and de-icing calculation module.

[image: ]

Fig. 9.Calculation process of dynamic model for de-icing of catenary
In this paper, Tianjin Line 9 is taken as an example to simulate the status of traction power supply system when the catenary is de-icing online. The whole line of Tianjin Line 9 phase I is about 44.75 km, 16 stations in total, as shown in Fig. 10. The section where catenary icing often occurs during the operation period is the section from ErhaoQiao Station to Xinli Station (S3-S5) with a total length of about 3.8km. Conduct the online de-icing of S3-S5 section as shown in Fig. 1. The system simulation parameters are shown in TABLE IV.
[image: ]
Fig. 10. Transportation map of Tianjin line 9 Phase I
TABLE IV
SIMULATION MODEL PARAMETERS
	Type
	Parameters
	Values

	Traction Substation
	No load voltage
	1650V

	
	Equivalent resistance of rectifier unit
	50mΩ

	
	Starting voltage of energy feedback device
	1700V

	Train
	Traction strategy
	Constant acceleration traction

	
	Rated power
	3MW

	Catenary
	TABLE I

	Rail
	Single rail resistance
	24mΩ/km

	DIPU
	De-icing current
	2500A


Fig. 11 shows power-time curve of the up and down trains in the de-icing section when the departure interval is 330s. Under this departure interval, there are many train operation conditions in the de-icing section, including up and down motoring at the same time, braking at the same time, up motoring down coasting and up coasting down motoring. Under these train conditions, the status of traction power supply system and de-icing section can be simulated comprehensively.
[image: ]
Fig .11. Power-time curve of up and down trains in de-icing section
Fig. 12 and Fig. 13 respectively show the current situation in the up and down catenary in the icing section before and after de-icing within a departure interval. Before online de-icing, the current in the up and down catenary is determined by the train traction and braking current. In Fig.12, the RMS of current in the catenary on both sides of the train is only 35-180A. The low RMS of current makes the catenary prone to icing during operation. Fig.13 shows the current waveform of catenary during online de-icing. It can be seen that the de-icing current is injected into the catenary, and the RMS of current is significantly increased to 1000A-1500A. The high RMS of current in catenary can achieve the expected de-icing or anti-icing effect.
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Fig. 12. Current of up and down catenary in icing section before online de-icing
[image: ] 		[image: ]
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Fig. 13. Catenary current of up and down line in icing section during online de-icing



Fig. 14 shows the voltage of the up and down trains in the icing section before and after de-icing. After the DIPU is turned on, the voltage of the up train increases and that of the down train decreases. The amplitude of increase and decrease is not the same at each time, which indicates that the offset of train voltage is affected by the change of train state. Fig. 15 shows the relationship between the up and down train voltage offset and position during online de-icing. It can be seen that the train voltage offset is inversely proportional to the position between the train and the DIPU. Under 2500A de-icing current, the maximum voltage offset of the train at the midpoint is close to 100V. The simulation results are completely consistent with the analysis conclusion in Part B of Section IV.

[image: ]
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Fig. 14. Voltage of up and down trains in icing section before and after online de-icing
[image: ]
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Fig. 15. Train voltage offset - position curve
Fig. 16 compares the hourly power consumption and feedback of traction station of the whole line before and after the online de-icing. It can be seen that the substation power consumption are the same when DIPU is on or off. The result verifies the analysis in Part C of section IV that the substation power is only related to the train but not to the DIPU during the online de-icing. In conclusion, the online de-icing method proposed in this paper does not affect the normal operation of the traction substation.
[image: ]
Fig. 16. Power consumption and feedback of traction substation in the whole line before and after online de-icing
Fig. 17 shows the power-time curve of the DIPU when the de-icing current is 2500A, 500A and 50A. The output power of the DIPU changes due to the influence of the train status in the de-icing section. When the de-icing current is 500A, the power of DIPU is negative in 50s-60s and 80s-85s. In 50s-60s, the up train in the icing section is coasting and the down train is braking. In 80s-85s, the up train in icing section is motoring and the down train is coasting. When the de-icing current is reduced to 50A, the negative power of DIPU will also occur when the up and down trains are braking at the same time.

[image: ]
[image: ]
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Fig. 17 Power-time curve of DIPU

The train status in Fig. 11 does not consider the condition of one traction operation and another braking operation in the up and down trains. The power-time curve is shown in Fig. 18, which considers the conditions not shown in Fig. 11. The departure interval is to 270s. The power-time curve of DIPU corresponding to 2000A, 500A and 50A de-icing current at this departure interval is shown in Fig. 18. When the de-icing current is 500A, the power of DIPU is negative in 140s-150s and 265-280s, and the train status in the icing section within this time period is the traction of up train and the braking of down train. When the de-icing current is 50A, the power of DIPU will also be negative when the up and down trains are in traction state at the same time.

[image: ]
Fig. 18 Train power-time curve in de-icing section
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Fig. 19. Power-time curve of DIPU at 4min30s departure interval
According to the analysis of Fig. 17 and Fig. 19, the capacity of DIPU is closely related to the current and position of the train. The smaller the de-icing current is, the more likely the negative power will occur in DIPU. In addition to the braking of the up train and the traction of the down train, the negative power of DIPU may occur in other situations, which is consistent with the analysis conclusion in Section IV. The DIPU structure in Fig. 3 can realize the bidirectional power flow phenomenon that may occur in the process of online de-icing, so the designed DIPU can meet the requirements of online de-icing.
Conclusion
In this paper, an online de-icing method for urban rail transit catenary is proposed. This method adopts the up and down catenary as the de-icing current circuit, and sets the DIPU at the midpoint of the catenary in the icing section for thermal de-icing. Due to the negative influence on the traction power supply system, the traditional thermal de-icing method is difficult to be employed in the operation period. This method solves this problem and has little modification to the existing traction power supply system.
The analysis and simulation results of the influence of DIPU on the traction power supply system show that the proposed online de-icing method does not affect the normal operation of the traction substation. The impact on the running train in the de-icing section is within the acceptable range. In addition, the results show that the capacity of DIPU for online de-icing is affected by the running state of the train, and DIPU may output negative power. To achieve the negative power output, DIPU should have the ability of bidirectional energy flow and meet the requirements of online de-icing. 
In summary, the online de-icing method proposed in this paper does not affect the normal operation of the train and traction substation. This method can be employed in the urban rail transit lines where the catenary is iced during the operation period. Compared with other existing de-icing methods, the proposed online de-icing method has high de-icing efficiency and simple structure, which has a high potential for engineering application.
Our future work is to further optimize the de-icing strategy. Due to the train operation, the power flow change of catenary will cause the fluctuation of de-icing current, which has some influence on the online de-icing effect. In order to achieve the best de-icing effect, it is meaningful to dynamically calculate the de-icing current to compensate the fluctuation according to the power flow change of the catenary.
Acknowledgment
The research work was also supported by the Fundamental Research Funds for the Central Universities (2020JBM068).
References
[1]	X. Jiang, Y. Wang, L. Shu, Z. Zhang, Q. Hu and Q. Wang, "Control scheme of the de-icing method by the transferred current of bundled conductors and its key parameters," in IET Generation, Transmission & Distribution, vol. 9, no. 15, pp. 2198-2205, 19 11 2015.
[2]	X. Huang, F. Zhang, H. Li and X. Liu, "An Online Technology for Measuring Icing Shape on Conductor Based on Vision and Force Sensors," in IEEE Transactions on Instrumentation and Measurement, vol. 66, no. 12, pp. 3180-3189, Dec. 2017.
[3]	E. Cinieri and A. Fumi, "Deicing of The Contact Lines of the High-Speed Electric Railways: Deicing Configurations. Experimental Test Results," in IEEE Transactions on Power Delivery, vol. 29, no. 6, pp. 2580-2587, Dec. 2014.
[4]	M. Huneault, C. Langheit, R. St-Arnaud, J. Benny, J. Audet and J. -. Richard, "A dynamic programming methodology to develop de-icing strategies during ice storms by channeling load currents in transmission networks," in IEEE Transactions on Power Delivery, vol. 20, no. 2, pp. 1604-1610, April 2005.
[5]	S. Gao, Y. Wang, Z. Liu, X. Mu, K. Huang and X. Song, "Thermal Distribution Modeling and Experimental Verification of Contact Wire Considering the Lifting or Dropping Pantograph in Electrified Railway," in IEEE Transactions on Transportation Electrification, vol. 2, no. 2, pp. 256-265, June 2016.
[6]	M. Yan et al., "Enhancing the Transmission Grid Resilience in Ice Storms by Optimal Coordination of Power System Schedule With Pre-Positioning and Routing of Mobile DC De-Icing Devices," in IEEE Transactions on Power Systems, vol. 34, no. 4, pp. 2663-2674, July 2019.
[7]	X. Jiang, C. Fan and Y. Xie, "New method of preventing ice disaster in power grid using expanded conductors in heavy icing area," in IET Generation, Transmission & Distribution, vol. 13, no. 4, pp. 536-542, 26 2 2019.
[8]	S. Montambault and N. Pouliot, "The HQ LineROVer: contributing to innovation in transmission line maintenance," 2003 IEEE 10th International Conference on Transmission and Distribution Construction, Operation and Live-Line Maintenance, 2003. 2003 IEEE ESMO., Orlando, FL, USA, 2003, pp. 33-40.
[9]	J. Wang, M. Long, J. He, Y. Ma and K. Liu, "Experimental study on ice-covered samples of composite material tower," in IEEE Transactions on Dielectrics and Electrical Insulation, vol. 24, no. 5, pp. 2937-2944, Oct. 2017.
[10]	Z. Xu et al., "Anti-icing performance of RTV coatings on porcelain insulators by controlling the leakage current," in IEEE Transactions on Dielectrics and Electrical Insulation, vol. 18, no. 3, pp. 760-766, June 2011.
[11]	Y. Hou, X. Wang and Y. Zhang, "Multi-objective transmission line de-icing outage optimal scheduling framework," in IET Generation, Transmission & Distribution, vol. 10, no. 15, pp. 3865-3874, 17 11 2016.
[12]	O. Parent and A. Ilinca, ‘‘Anti-icing and de-icing techniques for wind turbines: Critical review,’’ Cold Regions Sci. Technol., vol. 65, no. 1, pp. 88–96, Jan. 2011.
[13]	E. Cinieri and A. Fumi, "Deicing of The Contact Lines of the High-Speed Electric Railways: Deicing Configurations. Experimental Test Results," in IEEE Transactions on Power Delivery, vol. 29, no. 6, pp. 2580-2587, Dec. 2014.
[14]	Z. Peter, C. Volat, M. Farzaneh and L. I. Kiss, "Numerical investigations of a new thermal de-icing method for overhead conductors based on high current impulses," in IET Generation, Transmission & Distribution, vol. 2, no. 5, pp. 666-675, September 2008.
[15]	M. Farzaneh, Atmospheric Icing of Power Networks. Berlin, Germany: Springer, 2008, ch. 7, pp. 269–325.
[16]	J. Lu, C. Wu, Y. Tan, S. Zhu and Y. Sun, "Research of Large-Capacity Low-Cost DC Deicer With Reactive Power Compensation," in IEEE Transactions on Power Delivery, vol. 33, no. 6, pp. 3036-3044, Dec. 2018.
[17]	VOLAT C., FARZANEH M., LEBLOND A.: ‘De-icing/anti-icing techniques for power lines: current methods and future direction’. Proc. 10th Int. Workshop on Atmospheric Icing of Structures, Montréal, 2005, pp. 323– 33.
[18]	L．Makkonen．Models for The Growth of Rime，Glaze，Icicles and Wet Snow on Structures[J]，Phil．Trans．R．Soc．London．2000．358，2913-2939．
[19]	Y. Zhou, P. Chen, X. Hu, F. Shi, Y. Yang and X. Gao, "Analysis of transmission line de-icing using 18kV, 40kHz excitation," 2011 International Conference on Advanced Power System Automation and Protection, Beijing, 2011, pp. 70-73.
[20]	Y. Kang, X. Zou and X. Lin, "A deicing method and device for high voltage transmission lines," China Patent CN101262124, (in Chinese), Sep. 2008.
[21]	L. Guo, L. Zhou, M. Chen and W. Huang, "Online catenary anti-icing technique for electric railways employing direct feeding systems," in IET Generation, Transmission & Distribution, vol. 10, no. 8, pp. 1969-1975, 19 5 2016.
[22]	Y. Wang, J. Liu, H. Fu, J. Chen and Z. Liu, "New Ice-melting Method of Urban Rail Transit Catenary, " in Urban Rapid Rail Transit , 2019, 32(03), pp. 63-71+83.
[23]	P. M. Chaîné and P. Skeates, "Ice Accretion Handbook (Freezing Precipitation), " Environment Canada, Toronto, ON, Canada.
[24]	L. Makkonen, "Modeling power line icing in freezing precipitation, " in Proc. 7th Int. Workshop Atmospheric Icing on Structures (IWAIS), Chicoutimi, QC, Canada, 1996, pp. 195–200.
[25]	M. Huneault, C. Langheit and J. Caron, "Combined models for glaze ice accretion and de-icing of current-carrying electrical conductors," in IEEE Transactions on Power Delivery, vol. 20, no. 2, pp. 1611-1616, April 2005.
[26]	S. Peng, W. Hao and Y. Zhai, "Review of the research on icing mechanism of transmission lines and ice-melting technologies," 2015 5th International Conference on Electric Utility Deregulation and Restructuring and Power Technologies (DRPT), Changsha, 2015, pp. 1648-1652.
[27]	M. Farzaneh, C. Volat and A. Leblond. Anti-icing and De-icing Techniques for Overhead Lines .Springer Netherlands:2008.
[28]	L. Wang, Z. Liu, G. Zhang and L. Diao, "A novel traction power supply system for urban rail transportation," 2008 IEEE Vehicle Power and Propulsion Conference, Harbin, 2008, pp. 1-5.
[29]	G. Zhang, Z. Tian, P. Tricoli, S. Hillmansen, Y. Wang and Z. Liu, "Inverter Operating Characteristics Optimization for DC Traction Power Supply Systems," in IEEE Transactions on Vehicular Technology, vol. 68, no. 4, pp. 3400-3410, April 2019.
[30]	V. A. Kleftakis and N. D. Hatziargyriou, "Optimal Control of Reversible Substations and Wayside Storage Devices for Voltage Stabilization and Energy Savings in Metro Railway Networks," in IEEE Transactions on Transportation Electrification, vol. 5, no. 2, pp. 515-523, June 2019.
[31]	Z. Tian, G. Zhang, N. Zhao, S. Hillmansen, P. Tricoli and C. Roberts, "Energy Evaluation for DC Railway Systems with Inverting Substations," 2018 IEEE International Conference on Electrical Systems for Aircraft, Railway, Ship Propulsion and Road Vehicles & International Transportation Electrification Conference (ESARS-ITEC), Nottingham, 2018, pp. 1-6.
[32]	S. Lin et al., "Research on the Regeneration Braking Energy Feedback System of Urban Rail Transit," in IEEE Transactions on Vehicular Technology, vol. 68, no. 8, pp. 7329-7339, Aug. 2019.
[33]	J. Benzaquen, F. Fateh, M. B. Shadmand and B. Mirafzal, "Performance Comparison of Active Rectifier Control Schemes in More Electric Aircraft Applications," in IEEE Transactions on Transportation Electrification, vol. 5, no. 4, pp. 1470-1479, Dec. 2019.
[34]	H. Hu, Z. He, X. Li, K. Wang and S. Gao, "Power-Quality Impact Assessment for High-Speed Railway Associated With High-Speed Trains Using Train Timetable—Part I: Methodology and Modeling," in IEEE Transactions on Power Delivery, vol. 31, no. 2, pp. 693-703, April 2016.

[image: C:\Users\yida\Desktop\王运达证件照.png]Yunda Wang was born in Jilin, China. He received the B.Eng. degree in School of Electrical Engineering from Zhengzhou University, Henan, China, in 2013. He is currently working toward the Ph.D. degree in the School of Electrical Engineering, Beijing Jiaotong University, Beijing, China. His research interests include traction power supply system, distribution characteristics of return system, high-power grid-connected inverter and application of digital twin technology in urban rail transit. 

[image: S:\个人资料\重要证件照片\张钢新照片\1寸.jpg]
[bookmark: OLE_LINK3]Gang Zhang was born in Chongqing, China. He received his B.Eng. and Ph.D. degree in School of Electrical Engineering from Beijing Jiaotong University, Beijing, China, in 2005 and 2010, respectively. From 2010 to 2012, he worked as a post-doctor at Tsinghua university, where he was engaged in research on high power grid-connected power converter. He is currently a Lecture in the School of Electrical Engineering, Beijing Jiaotong University, Beijing, China. His current research interests focus on power electronics and control, which includes high power traction power converter, grid-connected inverter, and energy-saving techniques in subway.    


[image: ]Zhongbei Tian received the B.Eng. from the Huazhong University of Science and Technology, Wuhan, China, in 2013, and the B.Eng. and Ph.D. degrees in electrical and electronic engineering from the University of Birmingham, Birmingham, U.K., in 2013 and 2017, respectively. He is currently a Research Fellow with the University of Birmingham. His research interests include railway traction system and power network modeling, energy systems optimization, advanced traction power systems de-sign, and analysis of electric railways.


[image: 2737446e7f98a1b333ecd24ab35aab1]Ruichang Qiu was born in Henan, China. He received the M.Eng degrees in School of Electrical Engineering from Beijing Jiaotong University, Beijing, China, in 1990. He was a lecturer at Beijing Jiaotong University Beijing, China, in 1990. He is currently an Associate Professor with Beijing Jiaotong University. His research interests include intelligent detection technology, power electronics and power conversion technology, electric traction and transmission control.



[image: C:\Users\ADMINI~1\AppData\Local\Temp\ksohtml\wps5252.tmp.jpg]Zhigang Liu was born in Shandong, China. He received his B.Eng. and Ph.D. degree in School of Electrical Engineering from Beijing Jiaotong University, Beijing, China, in 1986  and 1994, respectively. He is currently a professor in the School of Electrical Engineering, Beijing Jiaotong University, Beijing, China. His current research interests include AC drives, traction power supply system, power electronic circuit and system, computer network communication, and industrial automation technology. 
oleObject1.bin

image52.wmf
12

(0,0)

II

><


oleObject40.bin

image53.wmf
1IM

dc011osc1

2IM

dc022osc2

(())

2

(())

2

T

LxI

PUIxRI

L

LxI

UIxRI

L

-

=--+

-

-+

å


oleObject41.bin

image54.wmf
ex1122oscIM

()/2

PIxIxRI

=-


oleObject42.bin

image55.emf
Start

Traction Calculation Module

Traction calculation of line for multiple stations 

and multiple trains

Output train position and power at each moment

Set line conditions and train parameters

Set the running schedule

Choose a train traction strategy

De-icing Calculation Module

Output de-icing and anti-icing current

Calculation of the de-icing and anti-icing current 

required by the catenary in the icing area

Set the position of DIPU

Set meteorological conditions and ice thickness

DC Power Flow Calculation Module

Nodal power flow calculation of DC network by 

Newton Raphson method

Given electrical parameters of network model

DC network power flow calculation

End

Output node voltage and branch current of network


image56.emf
1

S

2

S

3

S

4

S 5

S

6

S

7

S

8

S

9

S

10

S

11

S

12

S

13

S

14

S

15

S

16

S

Icing section

0 2.5 5km

Station&Traction substation

Station

Tianjin Metro Line 9 Phase I

Traction substation


image57.emf
0 50 100 150 200 250 300

-3000

-2000

-1000

0

1000

2000

3000

Time(s)

Train power

(

kW

)

Train of 

up line

Train of 

down line

Departure interval

5min30s


image58.emf
50 100 150 200 250 300

-1000

-500

0

500

1000

1500

2000

0

Catenary current on the 

left side of 

up 

train in 

de

-

icing

 

section

(

A

)

Time(s)

RMS=175.89A

(a)


image2.wmf
0

lg

273

T

D

d

R

l

=


image59.emf
50 100 150 200 250 300

-1500

-1000

-500

0

500

1000

1500

0

Time(s)

Catenary current on the 

left side of 

down 

train in 

de

-

icing

 

section

(

A

)

RMS=35.94A

(b)


image60.emf
50 100 150 200 250 300

-1000

-500

0

500

1000

1500

0

Catenary current on the

 

right

 

side of 

up 

train in 

de

-

icing

 

section

(

A

)

Time(s)

RMS=80.54A

(c)


image61.emf
50 100 150 200 250 300

-2000

-1500

-1000

-500

0

500

1000

0

Time(s)

Catenary current on the

 

right

 

side of 

down 

train 

in 

de

-

icing

 

section

(

A

)

RMS=159.89A

(d)


image62.emf
50 100 150 200 250 300

-2000

-1500

-1000

-500

0

500

0

Catenary current on the 

left side of 

up 

train in 

de

-

icing

 

section

(

A

)

RMS=1069.1A

Time(s)

(a)


image63.emf
0

500

1000

1500

2000

2500

50 100 150 200 250 300 0

Catenary current on the 

left side of 

down 

train 

in 

de

-

icing

 

section

(

A

)

RMS=1287.6A

Time(s)

(b)


image64.emf
50 100 150 200 250 300

-2000

-1500

-1000

-500

0

500

1000

1500

2000

0

Catenary current between 

up train and 

DIPU

 

in 

de

-

icing

 

section

RMS=1319.3A

Time(s)

(c)


image65.emf
50 100 150 200 250 300

-1500

-1000

-500

0

500

1000

1500

2000

0

Catenary current between 

down

 

train and 

DIPU

 

in 

de

-

icing

 

section

RMS=1082.8A

Time(s)

(d)


image66.emf
0

500

1000

1500

2000

2500

3000

50 100 150 200 250 300 0

Catenary current on the

 

right

 

side of 

up 

train in 

de

-

icing

 

section

(

A

)

RMS=1166.7

Time(s)

(e)


image67.emf
50 100 150 200 250 300

-3000

-2500

-2000

-1500

-1000

-500

0

0

Catenary current on the

 

right

 

side of 

down 

train 

in 

de

-

icing

 

section

(

A

)

RMS=1413.5

Time(s)

(f)


image68.emf
0 50 100 150 200 250 300

1.55

1.6

1.65

1.7

1.75

1.8

DIPU On

DIPU Off

Train voltage

 

on 

the up line

(

kV

)

Time(s)

(a)


oleObject2.bin

image69.emf
0 50 100 150 200 250 300

1.5

1.55

1.6

1.65

1.7

1.75

DIPU On

DIPU Off

Train voltage

 

on 

the 

down

 

line

(

kV

)

Time(s)

(b)


image70.emf
0

20

40

60

80

100

500 1000 1500 2000 2500 3000 3500 0

Train position(m)

Catenary voltage

 

offset

 

of train on 

the up line

(

V

)

(a)


image71.emf
0 500 1000 1500 2000 2500 3000 3500

-100

-80

-60

-40

-20

0

Train position(m)

Catenary voltage

 

offset

 

of train on 

the 

down

 

line

(

V

)

(b)


image72.emf
1 2 3 4 5 6 7 8 9101112131415

-200

-100

0

100

200

300

400

500

600

Power 

consumption

Power 

feedback

DIPU On

DIPU Off

Traction substation power

(

kW·h

)

Traction substation number

DIPU On

DIPU Off


image73.emf
0 50 100 150 200 250 300

300

350

400

450

500

550

600

DIPU power

(

kW

)

Time(s)

IM

2500A I

(a)


image74.emf
0 50 100 150 200 250 300

-10

0

10

20

30

40

Time(s)

DIPU power

(

kW

)

IM

500A I

(b)


image75.emf
 

0 50 100 150 200 250 300

-3

-2

-1

0

1

2

3

DIPU power

(

kW

)

Time(s)

IM

50A I

(c)


image76.emf
0 50 100 150 200 250

-3000

-2000

-1000

0

1000

2000

3000

Train power

(

kW

)

Time(s)

Train of 

up line

Train of 

down line

Departure interval

4min30s


image77.emf
0 50 100 150 200 250

300

350

400

450

500

550

600

IM

2500A I

DIPU power

(

kW

)

Time(s)

(a)


image78.emf
0 50 100 150 200 250

-10

0

10

20

30

40

DIPU power

(

kW

)

Time(s)

IM

500A I

(b)


image3.wmf
(

)

1

2/3

1

0.090.220.73

T

R

DvD

=

++


image79.emf
0 50 100 150 200 250

-2

-1

0

1

2

Time(s)

DIPU power

(

kW

)

IM

50A I

(c)


image80.png




image81.jpeg




image82.png
P,




image83.jpeg




image84.png




oleObject3.bin

image4.wmf
0

1

0101

2

2

0

r0rr0

0.045

100.22

lg

T

T

TTTT

R

gD

t

IRTTgdbRt

D

RRRR

d

æö

ç÷

D

=+++D

ç÷

++

ç÷

ç÷

èø


oleObject4.bin

image5.wmf
(

)

90

3/4

2

i2

max

3180.5

7.240.790

10002

t

vd

t

I

R

e

+

æö

æö

+-

ç÷

ç÷

èø

èø

=


oleObject5.bin

image6.wmf
(

)

(

)

0.75

i12

b

0

0.1430.82

dvdtt

I

R

e

éù

+-

ëû

=


oleObject6.bin

image7.emf
Train2

Train1

Rail

AC

DC

DC

DC

DIPU

+

-

+

-

+

-

+

-

Up line

Down line Catenary

Traction 

Substation1

Traction 

Substation2

De-icing 

Current

Connected to 

Main Substation

Connected to 

Main Substation

Connected to 

nearby substation


image8.emf
+

-

+

-

+

-

+

-

Up line

Down line

Traction 

Substation1

Traction 

Substation2

De-icing 

Current


image9.emf
+

-

+

-

+

-

+

-

Down line

Traction 

Substation1

Traction 

Substation2

De-icing

Current

Up line


image10.emf
+

-

+

-

+

Down line

Traction 

Substation1

Traction 

Substation2

De-icing 

Current

+

- -

Up line


image11.emf
C

L

a

e

b

e

c

e

dc

U

+

-

a

i

b

i

c

i

C

dc

U

+

-

AC/DC Converter DC/DC Converter

AC Power 

Grid

Connect to 

Catenary

AC Input Voltage: 380V DC Voltage: 750V DC Output Current:

DC wide voltage output: - 200V ~ 600V

IM

I


image12.emf
AC/DC

Converter

AC Power 

Grid abc

dq

PI PI

PWM

PI

L 

L 

q

i

d

i

-

-

*

dc

U

*

d

i

*

q

i

q

e

d

e

-

dc

U

+

-

-

-

-

+

dqdq

,,, iiee

Control 

Method

Connect to 

DC/DC Converter


image13.wmf
IMr

2

II

=


oleObject7.bin

image14.emf
DC/DC

Converter

PI PWM

dc

i

-

*

dcIM

iI 

Control 

Method

Connect to 

Catenary

Connect to 

AC/DC Converter


image15.emf
Icing Monitoring and Analysis System

The thickness and type of icing on catenary can 

be judged by monitoring camera and intelligent 

analysis

If the judgment conditions are met, the icing 

warning will be issued.

Whether the type is wet growth ice

Whether the thickness is greater than 1cm (default)

De-icing Current Calculation System

The de-icing current is calculated by equation (4)

Output calculated de-icing current value.

Calculation conditions:

Ice thickness: 1 cm

De-icing time: 60 minutes

Measured weather conditions

DIPU Control System

The calculated de-icing current is used as the 

given current command value of DIPU. The 

DC / DC converter is controlled to output de- 

icing current to catenary.


image16.emf
L

1

x

2

x

Up line

Down line

d

R

dc0

U

dc0

U

d

R

IM

I

osc

R

1 6 4 2

3 5

+

-

+

-

1

I

2

I


image17.emf
1

6 4 2

3 5

1

x

Upline

Downline

0

2

x

osc

R

dc0

U

2

I

1

I

IM

I

dc0

U

12

(a)0,0

22

LL

xx 


image18.emf
3 5

IM

I

1

x

2

x

Upline

Downline

2

I

1

I

1 6 4 2

0

osc

R

dc0

U

dc0

U

12

(b)0,

22

LL

xxL 


image19.emf
3 5

1 6 4 2

IM

I

2

x

1

x

1

I

2

I

0

Upline

Downline

osc

R

dc0

U

dc0

U

12

(c),0

22

LL

xLx 


image20.emf
2

I

1

I

3 5

IM

I

1 6 4 2

0

1

x

2

x

Upline

Downline

osc

R

dc0

U

dc0

U

12

(d),

22

LL

xLxL 


image21.wmf
1

131

Lx

II

L

-

=


oleObject8.bin

image22.wmf
1

351

x

II

L

=-


oleObject9.bin

image23.wmf
31131osc

UIxR

=-


oleObject10.bin

image24.wmf
'

1IM

131

2

LxI

II

L

-

=-


oleObject11.bin

image25.wmf
'

1IM

351

2

xI

II

L

=--


oleObject12.bin

image26.wmf
'

1IM

3111osc

()

2

LxI

UIxR

L

-

=--


oleObject13.bin

image27.wmf
'

IM

3131311osc

2

I

UUUxR

D=-=


oleObject14.bin

image28.wmf
IM

1osc

IM

osc1

31

IM

2osc

IM

os

1

2

2

2

c

1

,0

2

(),

2

,0

2

(

2

2

2

2

),

2

I

xR

I

RLx

U

I

x

L

x

L

xL

L

x

L

x

I

RL

L

R

x

ì

ï

ï

ï

-

ï

ï

D=

í

ï

-

<<

<

ï

ï

ï

--

ï

î

<

<<

<<


oleObject15.bin

image29.wmf
IMosc

max

4

ILR

U

D=


oleObject16.bin

image30.wmf
1

12

Sdc012

()

Lxx

PUII

LL

-

=+


oleObject17.bin

image31.wmf
2

12

Sdc012

()

22

IMIM

xILxI

PUII

LL

-

=-++


oleObject18.bin

image32.wmf
12

SSSdc012

()

PPPUII

=+=+

å


oleObject19.bin

image33.wmf
'

1IM1IM

5111osc11osc

()()()

222

xILxI

L

UIxRIxR

LL

-

=+---


oleObject20.bin

image34.wmf
'

IM56IM

PUI

=


oleObject21.bin

image35.wmf
1122IMosc12

1122IMosc12

'

56

1122IMosc12

1122IMosc12

1

(),0,0

222

1

(()),,0

222

1

(()),0,

222

1

(()()),,

222

LL

IxIxILRxx

LL

ILxIxILRxLx

U

LL

IxILxILRxxL

LL

ILxILxILRxLxL

ì

-++<<<<

ï

ï

ï

--++<<<<

ï

=

í

ï

-+-+<<<<

ï

ï

ï

--+-+<<<<

î


oleObject22.bin

image36.wmf
IM

0

P

<


oleObject23.bin

image37.wmf
1

0

xL

<<


oleObject24.bin

image38.wmf
2

0

xL

<<


oleObject25.bin

image39.wmf
12

0,0

II

>>


oleObject26.bin

image40.wmf
1IMIMoscIM2IMIMosc

11

()()

2222

LL

IILIRPIILIR

-+<<+


oleObject27.bin

image41.wmf
1

2

IM

I

I

<


oleObject28.bin

image42.wmf
12

0,0

II

><


oleObject29.bin

image43.wmf
2

12IMIMoscIMIMosc

11

()

2222

LL

IIILIRPILR

-++<<


oleObject30.bin

image44.wmf
12

2

IM

II

I

+

<


oleObject31.bin

image45.wmf
12

0,0

II

<>


oleObject32.bin

image46.wmf
2

IMoscIM12IMIMosc

11

()

2222

LL

ILRPIIILIR

<<-++


oleObject33.bin

image47.wmf
12

0,0

II

<<


image1.wmf
rmin

001

()

TT

t

I

RRR

D

=

+


oleObject34.bin

image48.wmf
2IMIMoscIM1IMIMosc

11

()()

2222

LL

IILIRPIILIR

+<<-+


oleObject35.bin

image49.wmf
2

2

IM

I

I

<


oleObject36.bin

image50.wmf
12IMIMosc

1

()

222

LL

IIILIR

-++


oleObject37.bin

image51.wmf
12

(0,0)

II

<>


oleObject38.bin

oleObject39.bin

