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 Abstract— Dynamic line rating current is widely used in the smart grid for improving the efficiency and economy of the power transmission and distribution. The rating current is determined by the ambient parameters such as convection heat loss rate, solar radiation, wind power, wind direction, etc. This paper proposes a method for calculating dynamic rating current only by means of the measurement of voltage and current of the two ends of the line free from any ambient parameter inputs. The instantaneous temperature can be estimated by calculating the variation of the line parameters, and subsequently the steady state conductor temperature can be obtained. The rating current is calculated by curve fitting of the dissipating power curve based on the steady state conductor temperature obtained and the conductor current. The scientific model of this technique, which is implementable into products, is constructed using Matlab/Simulink. Simulation tests show that the calculated dynamic line rating current is reliable and accurate.  Index Terms— Dynamic line rating; ambient parameter; heat generating power; heat dissipating power.  I. INTRODUCTION ITH development of more renewables generating power that needs distribution by the existing transmission lines, transmission line operators employ techniques such as dynamic line rating (DLR) in modern grid for improving the efficiency of power transmission. It is a well-known fact that the rating current of the transmission line is actually dependent on the ambient parameters such as the weather, the ambient temperature, the ambient moisture, wind power, wind direction etc., because the rating current is determined by maximum allowable conductor temperature. The dynamic line rating is much more efficient than the static line rating current because the static line rating current is determined under the worst ambient conditions, resulting in conservative line rating.  As we also know that the steady state temperature of a conductor is the intersecting point of the heat-generating curve  Hengxu Ha is with department of innovation and technology, GE grid solutions, Harry Kerr drive, Redhill business park, Stafford, UK, ST16 1WT (hengxu.ha@ge.com). Gajendiran Balakrishnan is with department of innovation and technology, GE grid solutions, Harry Kerr drive, Redhill business park, Stafford, UK, ST16 1WT ( gajendiran.balakrishnan@ge.com). Zhiying Zhang is with department of innovation and technology, GE grid solutions, 650 Markland street, Markham, Ontario, Canada, L6C 0M1 (Zhiying.zhang@ge.com)   

and the heat dissipating curve. The heat generating curve can be represented by equation PG = I2R(Tc), where PG is generated heat power and Tc is temperature of conductor. Similarly, for representing the heat-dissipating curve PD(Tc), there is a standard formula in IEEE standard, which relates to ambient parameters, such as ambient temperature, wind speed, wind direction and sun radiations. Nevertheless, extra cost will be incurred for measuring the ambient parameters for calculating the dynamic line rating current.  In order to avoid the extra costs for these additional measuring devices, several new techniques based only on the measuring voltage and current without ambient inputs have been proposed. Some of the proposed techniques are proposed to calculate the temperature based on the conductivity characteristics respective to temperature. However, the coefficient of the temperature characteristic is too small to accurately calculate the temperature. Some others proposed to calculate the temperature based on the line sags, which significantly improved the accuracy of temperature calculating. Even though, the temperature calculated by the above methods is instantaneous temperature, it could be dynamically changing. Recent techniques take the transient behavior of the temperature into account to predict the corresponding steady state temperature successfully. However, no rating current can be given out.  This paper proposes a new method for calculating the dynamic rating current only based on the measuring of voltages and currents at both terminals of a transmission line without any ambient parameters input. The line length will be significantly varying with the conductor temperature changes, which can be reflected by the calculated line parameters such as the total line impedance. The instantaneous conductor temperature can be calculated by solving the transmission equations which corresponds to instantaneous conductor temperature by giving the known variables of currents and voltages. The steady state conductor temperature can be subsequently calculated by the obtained instantaneous temperature. Based on the heat-balance principle, the dissipating heat curve then can be obtained by curve fitting method with at least two steady state conductor temperatures, which can give the value of dynamic rating current. The scientific model of DLR has already been completed and has been validated, which is now being implemented into the commercial products. The validations show that this method can accurately calculate the DLR current in real-time without any ambient inputs. Compared to the conventional method, result of the new method is closer to the real value, with error of less than 4%. 
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 2II. THE BASIC PRINCIPLE OF PROPOSED TECHNIQUE It is well-known that the increment of instantaneous conductor temperature is contributed by the unbalance of heat generating power and the heat dissipating power. The steady state conductor temperature is the balance point of heat generating power and dissipating power. The rating current is actually determined by the upper-limit temperature that the conductor can tolerate on the dissipating power curve, which is dependent on the ambient parameters, such as polar radiation, wind power, wind direction etc. If the steady state conductor temperature can be measured, the dissipating power curve can be estimated accurately and therefore, the rating current can be determined without ambient parameters. Of course, the variation of temperature can change the line length, and then the line parameters. The temperature can be detected and measured by the variation of line parameters. A. The Transient Model of Conductor Temperature The transient heat power balance equation is similar to Newton’s first law, �� ����� = �	(��) − ��(��)                      (1) where, Mc is the total heat capacity of conductor; TC is the conductor instantaneous temperature; PG(TC) is the heat generating power, PD(TC) is the heat dissipating power. The heat-generating power is generated by the current flowing through the conductor due to the resistance of the conductor, i.e., �	(�� ) = ���(��)                                 (2) In terms of the heat dissipating power, it is defined in IEEE 738 standard, which gives the standard mathematic model of dissipating power, including forced convection heat loss, natural convection heat loss, radiated heat loss, solar heat gain, etc. B. The steady state conductor temperature and rating current determination We already know that the steady state conductor temperature is the balance point between the heat generating power and heat dissipating power, see figure 1.             Figure 1, The relationship between heat generating power and dissipating power From figure 1, one can see that the rating current is actually determined by dissipating power curve, which is dependent on the ambient parameters and inputs, see equation 3.  

����� = ���(�����)�(�����)                                (3) If the ambient parameters are dynamically changing, the dissipating power curve dynamically changes accordingly, and so does the rating current, see figure 2.             Figure 2, The changing of rating current due to the changing of ambient parameters  A conventional way of calculating the rating current is to estimate the dissipating power curve. IEEE standard 738 offers the standard mathematic model for estimating the dissipating power curve. C. IEEE Standard Model for Dissipating Heat Power In the IEEE standard, the dissipating heat power comprises of three parts. One is convection heat loss which depends on the ambient factors that contribute to the heat loss, such as wind speed, wind direction, ambient air temperature, density of air, thermal conductivity of air, the geometry size of conductor etc. The second one is the radiation heat loss and the third one is solar heat gain. ��(��) = �� + �� − ��                           (4) The details of the above equation can be seen in the IEEE standard 738. It is visible that a lot of ambient parameters and inputs are required for determining the dissipating power loss curve.  D. Estimation of Dissipating Power by means of Curve fitting We can assume that the power dissipating curve can be expressed in polynomial terms. The 1st order or 2nd order polynomial terms have sufficient accuracy for the curve fitting, e.g.,  ��(��) =  ! +  "�� +  ����                      (5) The coefficients a0, a1 and a2 are the coefficients to be determined.  Since, at the balance point, the dissipating power equals to the generating power, one can obtain the dissipating power by calculating the generating power. At least three pairs of generating heat power with steady state temperature are required for determining the coefficients a0, a1 and a2.  Assuming that N pairs of such heat generating power and temperature values are obtained, the equation for determining these coefficients can be written as shown below. Conductor Temperature  Power (or I2 ) PG(TC) PD(TC) TCmax TCS I2 I2rate 

Conductor Temperature  Power (or I2 ) PD1(TC) TCmax I2rate1 I2rate2 PD2(TC) 
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                          (6) The solution for equation 6 can be obtained by least square method. Once these coefficients are obtained the rating current can be calculated by the following equation. ����� = ��#$�%�����$�&�����& )�(�����)                      (7) Nevertheless, what we need to notice is that only at the steady state the generating heat power equals the dissipating heat power. Therefore, the conductor temperature which is used for estimating the coefficients of heat dissipating power curve should be the steady state temperature. However, practically only the transient (instantaneous) conductor temperature can be obtained. E. The Relationship of Conductor temperature between Transient and steady state Changing current in the conductor or the ambient conditions can result in the change of steady state conductor temperature. For example, if the current in the conductor is changing from I1 to I2 at time t0, then the steady state temperature can be correspondingly changing from TCS1 to TCS2, however the instantaneous temperature gradually approaches TCS2 from TCS1, which can be expressed as the following equation. pttCSCSCSC eTTTtT /)(212 0)()(                        (8) where, TC is instantaneous conductor temperature, p is the time constant of the transient stage.  The signature of the instantaneous temperature can be seen in figure 3. 
  Figure 3, The relationship between the steady state and transient temperature of a conductor  The temperature measured or calculated is the instantaneous temperature of conductor. The corresponding steady state conductor temperature could change (due to the change of ambient conditions or conductor current) before the instantaneous temperature goes into the steady state, as the time constant of transient stage could be very long, for example several minutes. The steady state temperature of 

conductor can be estimated by solving the following equation. dt tdTTtT CpCSC )()( 2                               (9) At least two different instantaneous temperatures of conductor are required for solving the steady state temperature TCS2, because there are two unknowns in equation 9. F. The Calculation of Instantaneous Temperature of Conductor Only using Voltage and Currents of Two Ends The change of conductor temperature results in the change of line length due to the weight of the line, which leads to the change of line parameters. This indicates that the line equations should comprise the variable of conductor temperature as shown in the following equation. '()*�)* + = ,-(��) .(��)/(��) 0(��)1 '()��)� +                      (10) where ()* and �)* are respectively the voltage phasor and current of sending end; ()� and �)� are respectively the voltage phasor and current of receiving end; -(��) = 0(��) = cosh (78); .(��) =  9� sinh(78) ; /(��) = sinh (78)/9�; 8(��) = 8![1 + @(�� − ��AB) + C(�� − ��AB)�] 7 = E(F + GHI)(GH/) 9� = E(F + GHI)/(GH/) H is angle frequency of the fundamental component; 8 is the length of the power line section; TREF is the reference conductor temperature. For example, normally, TREF may be selected at 20°C; r is the resistance per unit length of line conductor; I is the inductance per unit length of the line conductor; / is the capacitance per unit length of the line conductor; @ is the 1st order thermal expansion coefficient; C is the 2nd order thermal expansion coefficient; Least square method and Newton-Raphson method can be used for solving above non-linear equation set (equation 10). III. THE SCHEME AND ALGORITHMS FOR REALIZATION  Based on the foregoing analysis, three steps are taken for calculating the dynamic line rating current without ambient inputs. The overall scheme is shown in figure 4. 
 Figure 4. The overall scheme for real-time DLR calculation 



 4Step 1, calculate the instantaneous conductor temperature by the measured voltage and current phasors by means of solving equation 10.  Step 2, calculate the steady state conductor temperature based on the obtained instantaneous temperature using equation 9. Step 3, calculate the dynamic line rating current based on the steady state temperature and heat generating power of conductor by solving equation 6. A. The Calculation of Instantaneous Line Temperature  Initially, equation 10, which contains complex numbers, should be converted to real numbers based equations as shown in the following equation. Y = KLLLM�N(()*)�O(()*)�N(�)*)�O(�)*)PQQQR = F(��) = KLLLLLM�N TU"V()� , �)� , ��XY�O TU"V()� , �)� , ��XY�N TU�V()� , �)� , ��XY�O TU�V()� , �)� , ��XYPQQQQQR          (11) Least square principle is used for solving the equations when the number of unknowns is less than the number of equations. Newton’s algorithm is employed for solving the non-linear equation and it is described by the following flow chart.                             Figure 5. Flow chart for calculating conductor temperature  (1) Set an initial solution, substitute it into F(TC), set k=0; (2) Calculate the difference between Y and Z(��([)); (3) Substitute ��([) into Jacobian matrix; (4) Calculate the difference between kth solution and real root value by means of least square method. (5) Correct the kth solution. 

(6) If the difference is less than an acceptable threshold, then output the solution, else go back to step 2 by increasing k to k+1 until the difference is less than the threshold.   B. The Algorithm for Calculating the Steady State Conductor Temperature                           The algorithm for calculating the steady state conductor temperature is based on equation 9. One can digitalize equation 9 as shown below. sCCpCSCC T nTnTTnTnT )1()(2 )1()(                (12) where TCS is steady state conductor temperature. At least two equations are required for solving TCS, for example, one equation is at time n, another equation is at time m, and then we have two equations.    sCCpCSCC sCCpCSCC T mTmTTmTmT T nTnTTnTnT )1()(2 )1()( )1()(2 )1()( 22         (13) Of course, if possible we can use further more equations for a better estimation of TCS. C. Calculation of Rating Current To simplify the calculation, the 1st order of polynomial is used for curve fitting the heat dissipating power curve. Even though we need to do further work for determining whether or not the ambient condition has changed, because the algorithm for estimating the heat dissipating power curve is based on the assumption that during that time the dissipating curve is not changing, if the dissipating curve is changed, the inception temperature should be used for determining the curve as shown in figures 6, 7, 8 and 9.               Figure 6. The ideal scenario that we expected Figure 6 is the ideal scenario that we expected where both measured current and calculated temperature are changing aligning with the same dissipating curve. However, sometimes the heat-generating power and temperature that we obtained are on different dissipating curve, see figure 7, 8 and 9.   Figure 7 illustrates a scenario where the measured conductor temperature points and conductor current points (or heat generating power) are on different dissipating power curve. One point is on PD1 and another one is on PD2, because the ambient conditions changes at that moment. 

Set initial estimation of solution ��(!); k = 0; ∆][ = ] − Z(��([)) ^[ = _Z_�� |��(a) b��([) = (^[�^[)c"^[�b][  ��([$") = ��([) + b��([) db��([)d < f Y Output ��([$") N 
k = k +1 

Starts 

Conductor Temperature  Power (or I2 ) 

TCmax PG1(or �"�) I2rate PD(TC) PG2(or ���) TCS1 TCS2 TCS0 



 5Figure 8 presents a scenario where the conductor temperature changes when the conductor current (or heat generating power) does not change.  Figure 9 shows the scenario where the conductor temperature maintains the same value but the conductor current changes.              Figure 7. Both the current and ambient condition change             Figure 8. Current does not change but conductor temperature changes due to the change in ambient conditions              Figure 9. Current changes however conductor temperature does not change due to ambient condition changes   The solution for overcoming a scenario where the two points are not in the same dissipating curve is that these scenarios should be identified by checking the initial conductor temperature. The algorithm for calculating the dynamic rating current is presented as shown in the flow chart in figure 10. Before the algorithm is running, in the initialization stage, the inception conductor temperature TCS0 is set as the possible minimum value of the ambient temperature.  First of all, make a discrimination to see whether the current and the temperature are changed or not. In figure 10, 1 is set as 0.1kA, and 2 is set as 5oC. If they are over the setting threshold, then calculate the inception temperature Tc0 as shown in figure 10. If the temperature is within the reasonable  

region and the difference to the previous inception temperature is not larger than 5oC, then update the inception temperature by this calculated value. That indicates that the two points are on the same dissipating curve. Hence calculate the rating current by these two points. Otherwise, the rating current is calculated by the inception temperature.                                Figure 10. Flow chart of calculating rating current  IV. VALIDATIONS AND TESTING RESULTS The data for validating the new algorithm are generated by simulations in Matlab/Simulink and  the structure of the simulation system is shown in figure 11.              Figure 11 The simulation system for validation 
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 6A. The Simulation Model for Thermal-electric System In the simulation model, the conductor thermal model is based on equation 1, in which the inputs are heat-generating power and heat-dissipating power, and the output is the instantaneous conductor temperature. The heat-generating power is calculated by the feedback current from electric circuit, and the dissipating power is calculated based on the IEEE standard model. Correspondingly, the real time line parameters are calculated based on the calculated instantaneous temperature. Consequently, in the electric circuit, the voltage and current of the line are changed accordingly. The electric circuit simulated for the tests are as shown in the following figure 12.                     Figure 12. The simulation model in details B. Validation Results The validation results are presented in figure 13. The line current is adjusted by changing the angle of the source E1. The ambient conditions are varied by changing the wind speed and direction which are the main factors that impact the conductor temperature. 
 Figure 13 The validation result  In comparison, the difference between the results of new algorithm and the results of the conventional algorithm is less than 4%. V. CONCLUSIONS This paper proposes a method for calculating the dynamic line rating current without ambient inputs. The rating current is 
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