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TEST PROCEDURE FOR ENGINES INSTALLED IN HYBRID VEHICLES USING THE HILS METHOD

A.9.1.	This annex contains the requirements and general description for testing engines installed in hybrid vehicles using the HILS method. 
A.9.2.	TEST PROCEDURE
A.9.2.1	HILS method
	The HILS method shall follow the general guidelines for execution of the defined process steps as outlined below and shown in the flow chart of figure 16. The details of each step are described in the relevant paragraphs. Deviations from the guidance are permitted where appropriate, but the specific requirements shall be mandatory. 
	For the HILS method, the procedure shall follow: 
	(a) 	Selection and confirmation of the HDH object for approval 
	(b) 	Build HILS system setup 
	(c) 	Check HILS system performance 
	(d) 	Build and verification of HV model 
	(e) 	Component test procedures 
	(f) 	Hybrid System system Power power mMapping 
	(g) 	Creation of the Hybrid hybrid Engine engine Cycle  cycle  
	(h) 	Exhaust emission test 
	(i) 	Data collection and evaluation 
	(j) 	Calculation of specific emissions 
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	Figure 16: 
	HILS method flow chart 
A.9.2.2. 	Build and verification of the HILS system setup
	The HILS system setup shall be constructed and verified in accordance with the provisions of paragraph A.9.3. 
A.9.2.3. 	Build and verification of HV model 
	The reference HV model shall be replaced by the specific HV model for approval representing the specified HD hybrid vehicle/powertrain and after enabling all other HILS system parts, the HILS system shall meet the provisions of paragraph A.9.5. to give the confirmed representative HD hybrid vehicle operation conditions. 
A.9.2.4. 	Creation of the Hybrid Engine Cycle   
	As part of the procedure for creation of the hybrid engine test cycle, the hybrid system power shall be mapped in accordance with the provisions of paragraph A.9.6.3. or A.10.4. to obtain the hybrid system rated power. The hybrid engine test cycle (HEC) shall be the result of the HILS simulated running procedure in accordance with the provisions of paragraph A.9.6.4. 	Comment by Erik van den Tillaart: References in par.7.4 to Annex 9.4 (powertrain mapping procedure)
A.9.2.5. 	Data collection and evaluation 
A.9.2.5.1. 	Calculation of hybrid system work
	The hybrid system work shall be determined over the test cycle by synchronously using the hybrid system rotational speed and torque values from the valid HILS simulated run of paragraph A.9.6.4. to calculate instantaneous values of hybrid system power. Instantaneous power values shall be integrated over the test cycle to calculate the hybrid system work from the HILS simulated running Wsys_HILS (kWh). Integration shall be carried out using a frequency of 5 Hz or higher (10 Hz recommended) and include all positive power values. 
	The hybrid system work Wsys shall be calculated as follows: 
	(a) Cases where Wact < Weng_HILS: 
		(Eq. 107)
	(b) Cases where Wact ≥ Weng_HILS 
		(Eq. 108)
	where: 
	Wsys 		: Hybrid system work (kWh)
	Wsys_HILS 	: Hybrid system work from final HILS  simulated run (kWh)
	Wact 		: Actual engine work in HEC test (kWh)
	Weng_HILS 	: Engine work from final HILS simulated run (kWh) 
	All parameters shall be reported. 
A.9.2.6. 	Calculation of specific emissions for hybrids 
	The specific emissions egas or ePM (g/kWh) shall be calculated for each individual component as follows: 
		(Eq. 109)
	Where: 
	e 	is the specific emission (g/kWh) 
	m 	is the mass emission of the component (g/test) 
	Wsys 	is the cycle work as determined in accordance with paragraph A.9.2.5.1. (kWh) 
	The final test result shall be a weighted average from cold start test and hot start test in accordance with the following equation: 
		(Eq. 110)
	Where: 
	mcold 		is the mass emission of the component on the cold start test (g/test) 
	mhot 		is the mass emission of the component on the hot start test (g/test) 
	Wsys,cold 	is the hybrid system cycle work on the cold start test (kWh) 
	Wsys,hot 	is the hybrid system cycle work on the hot start test (kWh)
	If periodic regeneration in accordance with paragraph 6.6.2. applies, the regeneration adjustment factors kr,u or kr,d shall be multiplied with or be added to, respectively, the specific emission result e as determined in equations 109 and 110. 
A.9.3. 	BUILD AND VERIFICATION OF HILS SYSTEM SETUP
A.9.3.1	General introduction 
	The build and verification of the HILS system setup procedure is outlined in figure 17 below and provides guidelines on the various steps that shall be executed as part of the HILS procedure. 
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Figure 17:
HILS system build and verification diagram
	The HILS system shall consist of, as shown in figure 18, all required HILS hardware, a HV model and its input parameters, a driver model and the test cycle as defined in Annex 1.b., as well as the hybrid ECU(s) of the test motor vehicle (hereinafter referred to as the “actual ECU”) and its power supply and required interface(s). The HILS system setup shall be defined in accordance with paragraph A.9.3.2. through A.9.3.6. and considered valid when meeting the criteria of paragraph A.9.3.7. The reference HV model (paragraph A.9.4.) and HILS component library (paragraph A.9.7.) shall be applied in this process. 
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	Figure 18: 
	Outline of HILS system setup 
A.9.3.2. 	HILS hardware 
	The HILS hardware shall contain all physical systems to build up the HILS system, but excludes the actual ECU(s). 
	The HILS hardware shall have the signal types and number of channels that are required for constructing the interface between the HILS hardware and the actual ECU(s), and shall be checked and calibrated in accordance with the procedures of paragraph A.9.3.7. and using the reference HV model of paragraph A.9.4.
A.9.3.3.	HILS software interface
	The HILS software interface shall be specified and set up in accordance with the requirements for the (hybrid) vehicle model as specified in paragraph A.9.3.5. and required for the operation of the HV model and actual ECU(s). It shall be the functional connection between the HV model and driver model to the HILS hardware. In addition, specific signals can be defined in the interface model to allow correct functional operation of the actual ECU(s), e.g. ABS signals. 
	The interface shall not contain key hybrid control functionalities as specified in paragraph A.9.3.4.1. 
A.9.3.4.	Actual ECU(s)
  	The hybrid system ECU(s) shall be used for the HILS system setup. In case the functionalities of the hybrid system are performed by multiple controllers, those controllers may be integrated via interface or software emulation. However, the key hybrid functionalities shall be included in and executed by the hardware controller(s) as part of the HILS system setup. 
A.9.3.4.1.	Key hybrid functionalities	Comment by Erik van den Tillaart: To be defined by HDH IWG
	Reserved. 
A.9.3.5. 	Vehicle model
	A vehicle model shall represent all relevant physical characteristics of the (heavy-duty) hybrid vehicle/powertrain to be used for the HILS system. The HV model shall be constructed by defining its components in accordance with paragraph A.9.7. 
	Two HV models are required for the HILS method and shall be constructed as follows: 
	(a) 	A reference HV model in accordance with its definition in paragraph A.9.4. shall be used for a SILS run using the HILS system to confirm the HILS system performance. 
	(b) 	A specific HV model defined in accordance with paragraph A.9.5. shall qualify as the valid representation of the specified heavy-duty hybrid powertrain. It shall be used for determination of the hybrid engine test cycle in accordance with paragraph A.9.6. as part of this HILS procedure. 
A.9.3.6. 	Driver model 
	The driver model shall contain all required tasks to drive the HV model over the test cycle and typically includes e.g. accelerator and brake pedal signals as well as clutch and selected gear position in case of a manual shift transmission. 
	The driver model tasks may be implemented as a closed-loop controller or lookup tables as function of test time. 
A.9.3.7. 	Operation check of HILS system setup
	The operation check of the HILS system setup shall be verified through a SILS run using the reference HV model (paragraph A.9.4.) on the HILS systemA.9.. 
	Linear regression of the calculated output values of the reference HV model SILS run on the provided reference values (paragraph A.9.4.4.) shall be performed. The method of least squares shall be used, with the best-fit equation having the form: 
		(Eq. 111)
	Where: 
		y 	= actual value of signal
	x 	= reference value of signal 
	a 	= slope of the regression line 
	b 	= y-intercept value of the regression line
	For the HILS system setup to be considered valid, the criteria of table 10 shall be met.
	In case the programming language for the HV model is other than Matlab®/Simulink®, the confirmation of the calculation performance for the HILS system setup shall be proven using the specific  HV model verification in accordance with paragraph A.9.5.  
	Verification items
	Criteria

	
	slope, a
	y-intercept, b
	coefficient of determination, r2

	Vehicle speed
	0.9995 – 1.0005
	± 0.05 % or less of the maximum value
	0.995 or higher

	ICE speed
	
	
	

	ICE torque
	
	
	

	EM speed
	
	
	

	EM torque 
	
	
	

	REESS voltage 
	
	
	

	REESS current 
	
	
	

	REESS SOC
	
	
	


Table 10: 
Tolerances for HILS system setup operation check 
A.9.4. 	REFERENCE HYBRID VEHICLE MODEL 
A.9.4.1. 	General introduction 
	The purpose of the reference HV model shall be the use in confirmation of the calculation performance (e.g. accuracy, frequency) of the HILS system setup (paragraph A.9.3.) by using a predefined hybrid topology and control functionality for verifying the corresponding HILS calculated data against the expected reference values. 
A.9.4.2 	Reference HV model description  
	The reference HV model has a parallel hybrid powertrain topology consisting of following components, as shown in figure 19, and includes its control strategy: 
	(a) Internal Combustion Engine 
	(b) Clutch 
	(c) Battery 
	(d) Electric Motor 
	(e) Mechanical gearing (for connection of EM between clutch and transmission) 
	(f) Shift transmission 
	(g) Final gear
	(h) Chassis, including wheels and body 
	The reference HV model is available as part of the HILS library available at YYYwebsite reference (HDH wiki or GRPE?). The reference HV model is named “reference_hybrid_vehicle_model.mdl” and its parameter files as well as the SILS run output data are available at the following directory in the HILS library: “<root>\HILS_GTR\Vehicles\ReferenceHybridVehicleModel” (and all of its subdirectories).  
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Figure 19: 
Reference HV model powertrain topology 
A.9.4.3. 	Reference HV model input parameters 
	All component input data for the reference HV model is predefined and located in the model directory: 
	“<root>\HILS_GTR\Vehicles\ReferenceHybridVehicleModel\ParameterData”. 
	This directory contains files with the specific input data for: 
	(a) 	the (internal combustion) engine model	: 	“para_engine_ref.m” 
	(b) 	the clutch model				: 	“para_clutch_ref.m” 
	(c) 	the battery model				: 	“para_battery_ref.m” 
	(d) 	the electric machine model 		: 	“para_elmachine_ref.m” 
	(e) 	the mechanical gearing 			: 	“para_mechgear_ref.m” 
	(f) 	the (shift) transmission model 		: 	“para_transmission_ref.m” 
	(g) 	the final gear model 			: 	“para_finalgear_ref.m” 
	(h) 	the vehicle chassis model			: 	“para_chassis_ref.m” 
	(i) 	the test cycle 				: 	“para_drivecycle_ref.m” 
	(j) 	the hybrid control strategy 			:  “ReferenceHVModel_Input.mat” 
	The hybrid control strategy is included in the reference HV model and its control parameters for the engine, electric machine, clutch and so on are defined in lookup tables and stored in the specified file. 
A.9.4.4. 		Reference HV output parameters 
	A selected part of the test cycle as defined in Annex 1.b. covering the first 140 seconds is used to perform the SILS run with the reference HV model. The calculated data for the SILS run using the HILS system shall be recorded with at least 5 Hz and be compared to the reference output data stored in file “ReferenceHVModel_Output.mat” available in the HILS library directory: 
	“<root>\HILS_GTR\Vehicles\ReferenceHybridVehicleModel\SimResults”. 
	The SILS run output data shall meet the criteria listed in table 10. 
A.9.5. 	BUILD AND VERIFICATION OF THE SPECIFIC HV MODEL 
A.9.5.1. 	Introduction  
	This procedure shall apply as the build and verification procedure for the specific HV model as equivalent representation of the actual hybrid powertrain to be used with the HILS system setup in accordance with paragraph A.9.3.  
A.9.5.2. 	General procedure 
	The diagram of figure 20 provides an overview of the various steps towards the verified specific HV model. 
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Figure 20: 
Specific HV model build and verification flow diagram 
	A.9.5.3. 	Cases requiring verification of specific HV model and HILS system 
	The verification aims at checking the operation and the accuracy of the simulated running of the specific HV model. The verification shall be conducted when the equivalence of the HILS system setup or specific HV model to the test hybrid powertrain needs to be confirmed. 
	In case any of following conditions applies, the verification process in accordance with paragraph A.9.5.4. through A.9.5.8. shall be required: 
	(a) 	The HILS system including the actual ECU(s) is run for the first time, e.g. after changes to its hardware or actual ECU(s) calibration. 
	(b) 	The HV system layout has changed. 
	(c) 	Changes are made to component models (e.g. structural change, larger or smaller number of model input parameters). 
	(d) 	Different use of model component (e.g. manual to automated transmission). 
	(e) 	Response delay times or time constants of (e.g. internal combustion engine or electric motor, gear shifting and so on) models are modified. 
	(f) 	Changes are made to the interface model. 
	(g) 	A manufacturer specific component model is used for the first time. 
	The type approval or certification authority may conclude that other cases exist and request a verification. 
	The HILS system and specific HV model shall be subject to approval by the type approval or certification authority. All deviations shall be provided to the type approval or certification authority along with the rationale for justification and all appropriate technical information as proof therefore. The technical information shall be based on calculations, simulations, estimations, description of the models, experimental results and so on. 
A.9.5.4. 	Actual hybrid powertrain test 
A.9.5.4.1	Specification and selection of the test hybrid powertrain 
	Reserved. 
A.9.5.4.2. 	Test procedure 
	The verification test using the test hybrid powertrain (hereinafter referred to as the “actual powertrain test”) which serves as the standard for the HILS system verification shall be conducted by either of the test methods described in paragraphs A.9.5.4.2.1. to A.9.5.4.2.2. 
	Provisions concerning measurement of exhaust emissions may be omitted. 
A.9.5.4.2.1. 	Powertrain dynamometer test 
	Reserved. 
A.9.5.4.2.2. 	Chassis dynamometer test 
	Reserved. 
A.9.5.4.3. 	Test conditions 
	The test shall be conducted by running the full test cycle as defined in Annex 1.b. using the hybrid system rated power in accordance with the manufacturer specification. The testing shall allow for analysing the measured data in accordance with the following two conditions: 
	(a) 	Selected part of test cycle, defined as the period covering the first 140 seconds. 
	(b) 	The full test cycle. 
A.9.5.4.4. 	Measurement items 
	For all applicable components, at least the following items shall be recorded using dedicated equipment and measurement devices (preferred) or ECU data (e.g. using CAN signals). The accuracy of measuring devices shall be in accordance with the provisions of paragraphs 9.2. and A.8.8.3. The sampling frequency shall be 5 Hz or higher. Data so obtained shall become the actually-measured data for the HILS system verification (hereinafter referred to as the “actually-measured verification values”): 
	(a) 	Hybrid system speed (min-1), hybrid system torque (Nm), hybrid system power (kW)
	(b) 	Setpoint and actual vehicle speed (km/h)
	(c) 	Quantity of driver manipulation of the vehicle (typically accelerator, brake, clutch and shift operation signals, and alike) or quantity of manipulation on the engine dynamometer (throttle valve opening angle).  All signals shall be in units as applicable to the system and suitable for conversion towards use in conversion and interpolation routines. 
	(d) 	Engine speed (min-1), engine command values (-, %, Nm as applicable)
	(e) 	Electric motor speed (min-1), torque command value (-, %, Nm as applicable) (or their respective physically equivalent signals)
	(f) 	(Rechargeable) energy storage system power (kW), voltage (V) and current (A) (or their respective physically equivalent signals) 
A.9.5.5. 	Specific HV model 
	The specific HV model for approval shall be defined in accordance with A.9.3.5.(b) and its input parameters defined in accordance with A.9.5.6. 
A.9.5.6. 	Specific HV model verification input parameters 
A.9.5.6.1. 	General introduction 
	Input parameters for the applicable specific HV model components shall be defined as outlined in paragraphs A.9.5.6.2. to A.9.5.6.16. 
A.9.5.6.2. 	Engine characteristics 
	The parameters for the engine torque characteristics shall be the table data obtained in accordance with paragraph A.9.8.3. However, values equivalent to or lower than the minimum engine revolution speed may be added. 
A.9.5.6.3. 	Electric machine characteristics 
	The parameters for the electric machine torque and electric power consumption characteristics shall be the table data obtained in accordance with paragraph A.9.8.4. However, characteristic values at a revolution speed of 0 rpm may be added. 
A.9.5.6.4. 	Battery characteristics 
A.9.5.6.4.1. 	Resistor based model 
	The parameters for the internal resistance and open-circuit voltage of the battery shall be the input data obtained in accordance with paragraph A.9.8.5.1.  
A.9.5.6.4.2.  	RC-circuit based model 
	The parameters for the RC-circuit battery model shall be the input data obtained in accordance with paragraph A.9.8.5.2.  
A.9.5.6.5. 	Capacitor characteristics  
	The parameters for the capacitor model shall be the data obtained in accordance with paragraph A.9.8.5.3. 
A.9.5.6.6. 	Vehicle test mass and curb mass
	The vehicle test mass mvehicle shall be calculated using the hybrid system rated power Prated, as specified by the manufacturer for the actual test hybrid powertrain, as follows: 
		(Eq. 112)
	The vehicle curb mass mvehicle,0 shall be calculated as function of the vehicle test mass in accordance with following equations: 
	(a) 	for mvehicle ≤ 35240 kg : 
		(Eq. 113)
	or
	(b) 	for mvehicle > 35240 kg :
		(Eq. 114)
A.9.5.6.7. 	Air resistance coefficients 
	The vehicle frontal area Afront shall be calculated as function of vehicle test mass in accordance with A.9.5.6.6. using following equations:  
	(a) for mvehicle ≤ 18050 kg : 
		(Eq. 115)
	or
	(b) for mvehicle > 18050 kg :
		(Eq. 116)
	The vehicle air drag resistance coefficient Cdrag (-) shall be calculated as follows: 
		(Eq. 117)
	Where: 
	g 	: gravitational acceleration with a fixed value of 9.80665 (m/s2) 
	ρa 	: air density with a fixed value of 1.17 kg/m3 
A.9.5.6.8. 	Rolling resistance coefficient 
	The rolling resistance coefficient shall be calculated as follows: 
		(Eq. 118)
	Where: 
	mvehicle 	: 	test vehicle mass (kg) in accordance with paragraph A.9.5.6.7. 
A.9.5.6.9. 	Wheel radius 
	The wheel radius shall be the manufacturer specified value as used in the actual test hybrid powertrain. 
A.9.5.6.10. 	Final gear ratio 
	The final gear ratio shall be the manufacturer specified ratio representative for the actual test hybrid powertrain.  
A.9.5.6.11. 	Transmission efficiency 
	The transmission efficiency shall be the manufacturer specified value for the transmission of the actual test hybrid powertrain. 
A.9.5.6.12. Clutch maximum transmitted torque 
	For the maximum transmitted torque of the clutch and the synchronizer, the design value specified by the manufacturer shall be used. 
A.9.5.6.13. 	Gear change period 
	The gear-change periods for a manual transmission shall be the actual test values. 
A.9.5.6.14. 	Gear change method 
	Gear positions at the start, acceleration and deceleration during the verification test shall be the respective gear positions in accordance with the specified methods for the types of transmission listed below: 
(a) 	for manual shift transmission: gear positions are defined by actual test values.
	(b) 	for automated shift transmission (AMT) or automatic gear box (AT): gear positions are generated by the shift strategy of the actual transmission ECU during the HILS simulation run and shall not be the recorded values from the actual test. 
A.9.5.6.15. 	Inertia moment of rotating sections 
	The inertia for all rotating sections shall be the manufacturer specified values representative for the actual test hybrid powertrain. 
A.9.5.6.16. 	Other input parameters 
	All other input parameters shall have the manufacturer specified value representative for the actual test hybrid powertrain. 
A.9.5.7. 	Specific HV model HILS run for verification 
A.9.5.7.1. 	Method for HILS running 
	Use the HILS system pursuant to the provisions of paragraph A.9.3. and include the specific HV model for approval with its verification parameters (paragraph A.9.5.6.) to perform a simulated running pursuant to paragraph A.9.5.7.2. and record the calculated HILS data related to paragraph A.9.5.4.4. The data so obtained is the HILS simulated running data for HILS system verification (hereinafter referred to as the “HILS simulated running values”). 
	Auxiliary loads measured in the actual test hybrid powertrain may be used as input to the auxiliary load models (either mechanical or electrical). 
A.9.5.7.2. 	Running conditions 
		The HILS running test shall be conducted as one or two runs allowing for both of the following two conditions to be analysed (see figure 21): 
	(a) 	Selected part of test cycle shall cover the first 140 seconds of the test cycle as defined in Annex 1.b. for which the road gradient are calculated using the manufacturer specified hybrid system rated power also applied for the actual powertrain test. The driver model shall output the recorded values as obtained in the actual hybrid powertrain test (paragraph A.9.5.4.) to actuate the specific HV model.  
	(b) 	The full test cycle as defined in Annex 1.b. for which the road gradients are calculated using the manufacturer specified hybrid system rated power also applied for the actual hybrid powertrain test. The driver model shall output all relevant signals to actuate the specific HV model based on either the reference test cycle speed or the actual vehicle speed as recorded in accordance with paragraph A.9.5.4.
	If the resulting HEC engine operating conditions for cold and hot start cycles are different, both the cold and hot start cycles shall be verified. 
	In order to reflect the actual hybrid powertrain test conditions (e.g. temperatures, RESS available energy content), the initial conditions shall be the same as those in the actual test and applied to component parameters, interface parameters and so on as needed for the specific HV model. 
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	Figure 21:
	Flow diagram for verification test HILS system running with specific HV model
A.9.5.8. 	Validation statistics for verification of specific HV model for approval 
A.9.5.8.1. 	Confirmation of correlation on selected part of the cycle 
	Correlation between the actually-measured verification values and the HILS simulated running values shall be verified for the selected test cycle part in accordance with paragraph A.9.5.7.2.(a). Table 11 shows the requirements for the tolerance criteria between those values. Here, the data during gear change periods may be omitted for this regression analysis, but no more than a period of 2.0 seconds per gear change. 	Comment by Erik van den Tillaart: Needs clear definition, proposal from Japan at HDH-IWG#17

	
	Vehicle speed
	Engine
	Electric/Hydraulic Motor (or equivalent)
	Electric/Hydraulic Storage Device (or equivalent)

	
	
	Speed
	Torque
	Power
	Speed
	Torque
	Power
	Voltage or Pressure
	Current or Mass Flow
	Power

	Standard Error of Estimate, SEE
	
	
	
	
	
	
	
	
	
	

	Slope, a1
	
	
	
	
	
	
	
	
	
	

	Coefficient of determination, r2
	> X
	> X
	> X
	> X
	> X
	> X
	> X
	> X
	> X
	> X

	y-intercept, a0
	
	
	
	
	
	
	
	
	
	


Table 11:
	Tolerances (for selected part of the test cycle) for actually measured and HILS simulated running values for specific HV model verification
A.9.5.8.2. 	Overall verification for complete test cycle 
A.9.5.8.2.1. 	Verification items and tolerances
	Correlation between the actually-measured verification values and the HILS simulated running values shall be verified for the full test cycle (in accordance with paragraph A.9.5.7.2.(b).). Here, the data during gear change periods may be omitted for this regression analysis, but no more than a period of 2.0 seconds per gear change.
	For the specific HV model to be considered valid, the criteria of table 12 and those of paragraph A.9.5.8.1. shall be met
	
	Vehicle speed
	Engine
	Positive
engine
work ratio
	Positive
system
work ratio

	
	
	Speed
	Torque
	Power
	
	

	Standard Error of Estimate, SEE
	
	
	
	
	
	

	Slope, a1
	
	
	
	
	
	

	Coefficient of determination, r2
	> X
	> X
	> X
	> X
	
	

	y-intercept, a0
	
	
	
	
	
	

	Conversion ratio 
	
	
	
	
	X <…< Y
	X <…< Y


	Table 12: 
	Tolerances (for full test cycle) for actually measured verification values and HILS simulated running values
	Where: 
	Weng_HILS 	: Engine work in HILS simulated running (kWh)
	Weng_test 	: Engine work in actual powertrain test (kWh) 
	Wsys_HILS 	: Hybrid system work in HILS simulated running (kWh)
	Wsys_test 	: Hybrid system work in actual powertrain test (kWh) 
A.9.5.8.2.2. 	Calculation method for verification items 
	The engine torque, power and the positive work shall be acquired by the following methods, respectively, in accordance with the test data enumerated below: 
		(a) 	Actually-measured verification values in accordance with paragraph A.9.5.4.: 
		Methods that are technically valid, such as a method where the value is calculated from the operating conditions of the hybrid system (revolution speed, shaft torque) obtained by the actual hybrid powertrain test, using the input/output voltage and current to/from the electric machine (high power)  electronic controller, or a method where the value is calculated by using the data such acquired pursuant the component test procedures in paragraph A.9.8. 
		(b) 	HILS simulated running values in accordance with paragraph A.9.5.7: 
		A method where the value is calculated from the engine operating conditions (speed, torque) obtained by the HILS simulated running.  
A.9.5.8.2.3. 	Tolerance of net energy change for RESS
	The net energy changes in the actual hybrid powertrain test and that during the HILS simulated running shall satisfy the following equation: 
		(Eq. 119)
	where:
	ΔEHILS 	: Net energy change of RESS during HILS simulated running (kWh)
	ΔEtest 	: Net energy change of RESS during actual powertrain test (kWh) 
	Weng_HILS 	: Positive engine work from HILS simulated run (kWh) 
	And where the net energy change of the RESS shall be calculated as follows in case of: 
	(a) 	Battery 
		(Eq. 120)
	Where: 
	ΔAh 		: Electricity balance obtained by integration of the battery current (Ah) 
	Vnominal 	: Rated nominal voltage (V)
	(b) 	Capacitor  
		(Eq. 121)
	Where: 
	Ccap		: Rated capacitance of the capacitor (F) 
	Uinit 	 	: Initial voltage at start of test (V)
	Ufinal 	 	: Final voltage at end of test (V)
	(c) 	Flywheel: 
		(Eq. 122)
	Where: 
	Jflywheel 	: Flywheel inertia (kgm2) 
	ninit 	 	: Initial speed at start of test (min-1) 
	nfinal 	 	: Final speed at end of test (min-1) 
	(d) 	Other RESS: 
		The net change of energy shall be calculated using physically equivalent signal as for cases (a) through (c) in this paragraph. This method shall be reported to the Type Approval Authorities or Certification Agency. 
A.9.5.8.2.4. 	Additional provision on tolerances in case of fixed point engine operation 
	In case of fixed point engine operating conditions (both speed and torque), the verification shall be valid when the criteria for vehicle speed, positive engine work and engine running duration (same criteria as positive engine work) are met. 
A.9.6. 	CREATION OF THE HYBRID ENGINE CYCLE  
A.9.6.1. 	General introduction
	Using the verified HILS system setup with the specific HV model for approval, the creation of the hybrid engine cycle shall be carried out in accordance with the provisions of paragraphs A.9.6.2 to A.9.6.5. Figure 22 provides a flow diagram of required steps for guidance in this process. 
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Figure 22: 
Flow diagram for Creation of the Hybrid Engine Cycle 
A.9.6.2. 	HEC run input parameters for specific HV model 
A.9.6.2.1	General introduction 
	The input parameters for the specific HV model shall be specified as outlined in paragraphs A.9.6.2.2. to A.9.6.2.16. such as to represent a generic heavy-duty vehicle with the specific hybrid powertrain, which is subject to approval. All input parameter values shall be rounded to 4 significant digits (e.g. x.xxxEyy in scientific representation). 
A.9.6.2.2. 	Engine characteristics 
	The parameters for the engine torque characteristics shall be the table data obtained in accordance with paragraph A.9.8.3. However, values equivalent to or lower than the minimum engine revolution speed may be added. In addition, the engine model accessory torque map shall not be used at the time of the approval test. 
A.9.6.2.3. 	Electric machine characteristics 
	The parameters for the electric machine torque and electric power consumption characteristics shall be the table data obtained in accordance with paragraph A.9.8.4. However, characteristic values at a revolution speed of 0 rpm may be added. 
A.9.6.2.4. 	Battery characteristics 
A.9.6.2.4.1. 	Resistor based battery model 	Comment by Erik van den Tillaart: Only one battery model expected to remain in HILS library. Check references here, in HILS lib, etc.
	The input parameters for the internal resistance and open-circuit voltage of the resistor based battery model shall be the table data obtained in accordance with paragraph A.9.8.5.1.  
A.9.6.2.4.2.  	RC-circuit based battery model 
	The parameters for the RC-circuit battery model shall be the data obtained in accordance with paragraph A.9.8.5.2. 
A.9.6.2.5. 	Capacitor characteristics 
	The parameters for the capacitor model shall be the data obtained in accordance with paragraph A.9.8.6. 
A.9.6.2.6. 	Vehicle test mass and curb mass 
	The vehicle test mass shall be calculated as function of the system rated power (A.10.as declared by the manufacturer) in accordance with equation 112. 
	The vehicle curb mass shall be calculated using equations 113 and 114. 
A.9.6.2.7. 	Vehicle frontal area and air drag coefficient 
	The vehicle frontal area shall be calculated using equation 115 and 116 using the test vehicle mass in accordance with paragraph A.9.6.2.6.
	The vehicle air drag resistance coefficient shall be calculated using equation 117 and the test vehicle mass in accordance with paragraph A.9.6.2.6. 
A.9.6.2.8. 	Rolling resistance coefficient 
	The rolling resistance coefficient shall be calculated by equation 118 using the test vehicle mass in accordance with paragraph A.9.6.2.6. 
A.9.6.2.9. 	Wheel radius 
	The wheel radius shall be defined as 0.40 m or a manufacturer specified value, whichever is the worst case with regard to the exhaust emissions. 
A.9.6.2.10. 	Final gear ratio 
	The final gear ratio shall be defined in accordance with the provisions for the specified HV type: 
	(a) 	For parallel HV when using the standardized wheel radius, the final gear ratio shall be calculated as follows: 
		   (Eq. 123) 
	Where: 
	rgear_high  		: ratio of highest gear number for powertrain transmission (-) 
	rwheel 			: dynamic tire radius (m) in accordance with paragraph A.9.6.2.9.
	vmax 			: maximum vehicle speed with a fixed value of 87 km/h 
	nlo, nhi, nidle, npref 	: engine speeds in accordance with paragraph 7.4.6. 
	(b) 	For parallel HV when using a manufacturer specified wheel radius, the rear axle ratio shall be the manufacturer specified ratio representative for the worst case exhaust emissions. 
	(c) 	For series HV, the rear axle ratio shall be the manufacturer specified ratio representative for the worst case exhaust emissions.   
A.9.6.2.11. 	Transmission efficiency 
	In case of a parallel HV, the following shall be used: 
	(a) 	The efficiency of the transmission shall be 0.98 for a direct transmission, and 0.95 for all others. 
	(b) 	The efficiency of the final reduction gear shall be 0.95. 
	In case of a series HV, the following shall be used: 
	(1) The efficiency of the transmission shall be 0.95 or can be a manufacturer specified value for fixed gear or 2-gear transmissions. The manufacturer shall then provide all relevant information and its justification to the type approval or certification authority. 
	(2) 	The efficiency of the final reduction gear shall be 0.95 or can be a manufacturer specified value. The manufacturer shall then provide all relevant information and its justification to the type approval or certification authority. 
A.9.6.2.12. Clutch maximum transmitted torque 
	For the maximum transmitted torque of the clutch and the synchronizer, the design value specified by the manufacturer shall be used. 
A.9.6.2.13. 	Gear change period 
	The gear-change period for a manual transmission shall be set to one (1.0) second. 
A.9.6.2.14. 	Gear change method 
	Gear positions at the start, acceleration and deceleration during the approval test shall be the respective gear positions in accordance with the specified methods for the types of HV listed below: 
(a) 	Parallel HV fitted with a manual shift transmission: gear positions are defined by the shift strategy in accordance with paragraph A.9.7.4. and shall be part of the driver model.
(b) 	Parallel HV fitted with automated shift transmission (AMT) or automatic shift transmission (AT): gear positions are generated by the shift strategy of the actual transmission ECU during the HILS simulation.  
(c) 	Series HV: in case of a shift transmission being applied, the gear positions as defined by the shift strategy of the actual transmission ECU control shall be used. 
A.9.6.2.15. 	Inertia moment of rotating sections 
	Different inertia moment (J in kgm2) of the rotating sections shall be used for respective conditions as specified below: 
In case of a parallel HV: 
(a) 	The inertia moment of the section from the gear on the driven side of the (shift) transmission up to and including the tyres shall be calculated that it matches 7% of the vehicle curb mass mvehicle,0 (paragraph A.9.6.2.6.) multiplied by the squared wheel radius rwheel (paragraph A.9.6.2.9.) as follows: 
		   (Eq. 124) 
(b) 	The inertia moment of the section from the engine to the gear on the driving side of the (shift) transmission shall be the manufacturer specified value(s). 
	In case of  a series HV: 
	The inertia moment for the generator(s), wheel hub electric motor(s) or central electric motor(s) shall be the manufacturer specified value. 
A.9.6.2.16. 	Other input parameters 
	All other input parameters shall have the manufacturer specified value representative for the worst case exhaust emissions. 
A.9.6.3. 	Hybrid Power Mapping 
	Reserved. 
A.9.6.4. 	Hybrid Engine Cycle HILS run 
A.9.6.4.1. 	General introduction
	The HILS system shall be run in accordance with paragraphs A.9.6.4.2. through A.9.6.4.5. for the creation of the hybrid engine cycle using the full test cycle as defined in Annex 1.b. 
A.9.6.4.2. 	HILS run data to be recorded 
	At least following input and calculated signals from the HILS system shall be recorded at a frequency of 5 Hz or higher (10 Hz recommended):  
	(a) 	Setpoint and actual vehicle speed (km/h)
	(b) 	(Rechargeable) energy storage system power (kW), voltage (V) and current (A) (or their respective physically equivalent signals in case of another rechargeable energy storage system) 
	(c) 	Hybrid system speed (min-1), hybrid system torque (Nm), hybrid system power (kW) 	Comment by Erik van den Tillaart: Hybrid system output: shaft or wheel hub. Needs to follow definition…
		(d) 	Engine speed (min-1), engine torque (Nm) and engine power (kW) 
	(e) 	Electric machine speed(s) (min-1), electric machine torque(s) (Nm) and electric machine mechanical power(s) (kW) as well as the electric machine(s) (high power) controller current (A), voltage and electric power (kW) (or their physically equivalent signals in case of a non-electrical HV powertrain) 
	(d) 	Quantity of driver manipulation of the vehicle (typically accelerator, brake, clutch and shift operation signals and so on). 
A.9.6.4.3. 	HILS run adjustments 
	In order to satisfy the tolerances defined in paragraphs A.9.6.4.4. and A.9.6.4.5., following adjustments in interface and driver may be carried out for the HILS run: 
	(a) 	Quantity of driver manipulation of the vehicle (typically accelerator, brake, clutch and manual gear shift operation signals) 
	(b) 	Initial value for available energy content of Rechargeable Energy Storage System 
	In order to reflect cold or hot start cycle conditions, following initial temperature conditions shall be applied to component, interface parameters, and so on: 
	(1) 	25 °C for a cold start cycle  
	(2) 	the specific warmed-up state operating condition for a hot start cycle, either following from a cold start and soak period by HILS run of the model or in accordance with the manufacturer specified running conditions for the warmed up operating conditions. 
A.9.6.4.4. 	Validation of vehicle speed
	The allowable errors in speed and time during the simulated running shall be, at any point during each running mode, within ± 2.0 km/h in speed and ± 1.0 second in time as shown with the coloured section in figure 23. Moreover, if deviations are within the tolerance corresponding to the setting items posted in the left column of table 13, they shall be deemed to be within the allowable errors. Time deviations at the times of test start and gear change operation, however, shall not be included in the total cumulative time. In addition, this provision shall not apply in case demanded accelerations and speeds are not obtained during periods where the accelerator pedal is fully depressed (maximum performance shall be requested from hybrid powertrain). 
	Setting item 
	Tolerance 

	1. Tolerable time range for one deviation
	< ± 1.0 second 

	2. Tolerable time range for the total cumulative value of (absolute) deviations 
	 < 2.0 seconds

	3. Tolerable speed range for one deviation 
	< ± 2.0 km/h 


Table 13:
Tolerances for vehicle speed deviations
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Figure 23:
Tolerances for speed deviation and duration during HILS simulated running
A.9.6.4.5. 	Validation of RESS net energy change 	Comment by Erik van den Tillaart: Can this criteria be met when running cold AND hot cycle conditions ? 
		The initial available energy content of the RESS shall be set so that the ratio of the RESS  net energy change to the (positive) engine work shall satisfy the following equation: 
		(Eq. 125)
	Where: 
	ΔE 		: Net energy change of RESS in accordance with paragraph A.9.5.8.2.3.(a)-(d) (kWh) 
	Weng_ref 	: 	Integrated positive engine shaft power in HILS simulated run (kWh) 
A.9.6.5. 	Hybrid Engine Cycle dynamometer setpoints 
A.9.6.5.1. 	From the HILS system generated data in accordance with paragraph A.9.6.4., select and define the engine speed and torque values at a frequency of at least 5 Hz (10 Hz recommended) as the command setpoints for the engine exhaust emission test on the engine dynamometer. 
A.9.6.5.2. 	Replacement of test torque value at time of motoring 
	When the test torque command setpoint obtained in paragraph A.9.6.5.1 is negative, this negative torque value shall be replaced by a motoring request on the engine dynamometer. 
A.9.7. 	HILS COMPONENT MODELS 
A.9.7.1. 	General introduction 
	Component models in accordance with paragraphs A.9.7.2 to A.9.7.9. shall be used for constructing both the reference HV model and the specific HV model. A Matlab®/Simulink® library environment that contains implementation of the component models in accordance with these specifications is available at YYYwebsite reference (HDH wiki or GRPE?). 
A.9.7.2. 	Auxiliary system  model 
A.9.7.2.1. 	Electric Auxiliary model 
	The electrical auxiliary system (likely required for high voltage loads only) shall be modelled as a constant (controllable desired) electrical power loss, Pel,aux. The current that is discharging the electrical energy storage, iaux, is determined as: 
		(Eq. 126)
	Where: 
	Pel,aux 	: electric auxiliary power demand (W) 
	x 		: on/off/duty-cycle control signal to control auxiliary load level (-)
	u 		: electrical DC-bus voltage (V) 
	iel,aux 		: auxiliary current (A) 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 14. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	Pel,aux
	W
	Auxiliary system load
	dat.auxiliaryload.value

	command signal
	x
	0/1
0-1
	Off/On Control signal for auxiliary system power level
	Aux_flgOnOff_B

	sensor signal
	iaux
	A
	Auxiliary system current
	Aux_iAct_A

	elec in [V]
	u
	V
	Voltage
	phys_voltage_V

	elec fb out [A]
	iaux 
	A
	Current
	phys_current_A


Table 14: 
Electrical Auxiliary model parameters and interface
A.9.7.2.2. 	Mechanical Auxiliary model 
	The mechanical auxiliary system shall be modelled using a controllable power loss, Pmech,aux. The power loss shall be implemented as a torque loss acting on the representative shaft. 
		(Eq. 127)
	Where: 
	Pmech,aux 	: mechanical auxiliary power demand (W) 
	x 		: on/off/duty-cycle signal to control auxiliary load level (-)
	ω		: shaft rotational speed (min-1) 
	Mmech,aux 	: auxiliary torque (Nm) 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 15. 

	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	Pmech,aux
	W
	Auxiliary system load
	dat.auxiliaryload.value

	
	Jaux
	kgm2
	Inertia
	Dat.inertia.value

	command signal
	x
	0/1
	Off/On for auxiliary system
	Aux_flgOnOff_B

	sensor signal
	Mout
	Nm
	Auxiliary system torque output
	Aux_tqAct_A

	mech in [Nm]
	Mout
	Nm
	Torque
	phys_torque_Nm

	
	Jout
	kgm2
	Inertia
	phys_inertia_kgm2

	mech fb out [rad/s]
	ω
	rad/s
	speed
	phys_speed_radps


Table 15:
Mechanical Auxiliary model parameters and interface
A.9.7.3. 	Chassis model
	A basic model of the chassis (the vehicle) shall be represented as an inertia. The model shall compute the vehicle speed from a propeller shaft torque and brake torque. The model shall include rolling and aerodynamic drag resistances and take into account the road slope resistance. A schematic diagram is shown in figure 24. 
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Figure 24:
Chassis (vehicle) model diagram 
	The basic principle shall be input torque Min to a gear reduction (final drive gear)  with fixed ratio rfg. 
		(Eq. 128)
	Where:
	 ηfg 	is the final gear efficiency.
	The drive torque Mdrive shall be counteracted by the brake torque Mbrake. The resulting torque shall be converted to the drive force using the wheel radius rwheel in accordance with equation 129 and acts on the road to drive the vehicle:  
		(Eq. 129)
	The force Fdrive shall balance with forces for aerodynamic drag Faero, rolling resistance Froll and gravitation Fgrav to find resulting acceleration force according differential equation 130: 
		(Eq. 130)
	Where:  
	mtot 		: total mass of the vehicle (kg)
	  	: vehicle acceleration (m/s) 

	The total mass of the vehicle mtot shall be calculated using the vehicle mass mvehicle and the inertia load from the powertrain components: 
		(Eq. 131)
	Where:  
	mvehicle 	: Mass of the vehicle (kg)
	Jfg 		: Inertia of the final gear (kgm2) 
	Jpowertrain 	: Sum of all powertrain inertias (kgm2) 
	Jwheel 		: Inertia of the wheels (kg/m2) 

	The wheel speed shall be determined from the vehicle speed and wheel radius as: 
		(Eq. 132)

	The aerodynamic drag force shall be calculated as: 
		(Eq. 133)
	Where: 
	Ρair 		: air density (kg/m3) 
	Cdrag 		: air drag coefficient (-) 
	Afront 		: vehicle frontal area (m2) 
	vvehicle 	: vehicle speed (m/s) 

	The rolling resistance shall be calculated using: 
		(Eq. 134)
	Where: 
	froll 		: friction factor for wheel-road contact (-) 
	g 		: standard earth gravitation (m/s2) 	
	α 		: road slope (rad)

	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 16. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	mvehicle
	kg
	Vehicle mass
	dat.vehicle.mass.value

	
	rfg
	-
	Final gear ratio
	dat.fg.ratio.value

	
	ηfg
	-
	Final gear efficiency
	dat.fg.efficiency.value

	
	Jfg
	kgm2
	Final gear inertia
	dat.fg.inertia.value

	
	Afront
	m2
	Vehicle frontal area
	dat.aero.af.value

	
	Cd
	-
	Air drag coefficient
	dat.aero.cd.value

	
	rwheel
	m
	Wheel radius
	dat.wheel.radius.value

	
	Jwheel
	kgm2
	Wheel inertia
	dat.wheel.inertia.value

	
	f
	- 
	Rolling resistance coefficient
	dat.wheel.rollingres.value

	command signal
	Mbrake
	Nm
	Requested brake torque
	Chassis_tqBrakeReq_Nm

	sensor signal
	vvehicle
	m/s
	Actual vehicle speed
	Chassis_vVehAct_mps

	
	ωwheel
	rad/s
	Actual wheel speed
	Chassis_nWheelAct_radps

	
	mtot
	kg
	Vehicle mass
	Chassis_massVehAct_kg

	
	α
	rad
	Road slope
	Chassis_slopRoad_rad

	mech in [Nm]
	Mdrive
	Nm
	torque
	phys_torque_Nm

	
	Jpowertrain
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb out [rad/s]
	ωwheel
	rad/s
	Rotational speed
	phys_speed_radps


Table 16:
Chassis model parameters and interface 
A.9.7.4. 	Driver model
	The driver model shall actuate accelerator and brake pedal signals to realize the desired vehicle speed cycle and apply the shift control for manual transmissions through clutch and gear control. 
	[image: ]
Figure 25:
Driver model diagram
	The driver model was prepared by following a modular approach and therefore contains different sub-modules. The model shown in Figure 25 is capable of running a vehicle equipped with either a manual gearbox with accelerator, brake and clutch pedal signals or a vehicle equipped with an automated gearbox where only accelerator and brake pedal are used. For the manual transmission vehicle the decisions for gear shift manoeuvres are taken by the gear selector submodule. For automated gearboxes this is bypassed but can be enabled also if needed. 
	The presented driver model contains following: 
	(a)	Sub-module controlling the vehicle speed (PID controller) 
	(b)	Sub-module taking decisions of gear change 
	(c)	Sub-module actuating the clutch pedal
	(d)	Sub-module switching signals when either a manual or an automated gearbox is used 
	For specific demands, the individual sub-modules (as listed above) can be easily removed or be copied to manufacturer specific driver models. 
	Details for the submodules (a) through (d) are given below: 
	(a) 	The sub-module controlling the vehicle speed is modelled using a simple PID-controller. It takes the reference speed from the driving cycle and compares it to the vehicles actual speed. If the vehicle’s speed is to low it uses the accelerator pedal to demand acceleration, and vice versa if the vehicle’s speed is too high, the driver uses the brake pedal to demand a deceleration of the vehicle. For vehicles not capable of running the desired speed (e.g. their design speed is lower than the demanded speed during the test run) the controller includes an anti-wind up function of the integral part, which can be also parameterized in the parameter file. If vehicles equipped with a manual transmission gearbox are driven it is considered that the accelerator pedal is not actuated during a gearshift manoeuvre. 
	(b) 	The implemented gearshift strategy is based on the definition of shift polygons for up- and downshift manoeuvres. Together with a full load torque curve and a negative torque curve they describe the permitted operating range of the system.  Crossing the upper shift polygon forces selection of a higher gear, crossing the lower one the selection of a lower gear (see figure 26 below).
	The input signals needed for the gear selector sub-module to derive an actual gear request currently are: 
	- The actual gear engaged
	- The input torque and rotational input speed for the transmission 
	- Status of the drivetrain (next gear engaged and all clutches closed and synchronized again)
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Figure 26:
Gear shift model using polygons 
	Internally, also the test cycle and the time of clutch actuation during a shift manoeuvre are loaded in order to detect vehicle starts form standstill and engage the 1st gear on time before the desired speed is greater zero. This allows the vehicle to follow the desired speed within the given limits. The standard output value of the gearshift module when the vehicle stands still is the neutral gear. After a gear is changed a subsequent gear change is suppressed for a parameterized time and as long as the drivetrain is not connected to all propulsion engines and not fully synchronized again. The time limit is rejected and a next gear change is forced if rotational speed limits (lower than ICE idle speed or greater than ICE rated speed multiplied by 1.2) are exceeded. 
	(c) 	The sub-module actuating the clutch pedal was designed to actuate the pedal if a vehicle equipped with a manual transmission gearbox is used. Excluding the function from the speed controller sub-module enables the driver model to be used in a wider field of applications. The clutch sub-module is triggered by the gear selector module and actuates the pedal as soon as a gearshift manoeuvre is requested. The clutch module simultaneously forces the speed controller to put the accelerator pedal to zero as long as the clutch is not closed and fully synchronized again after the gearshift manoeuvre. The time of clutch actuation has to be specified in the driver parameter file. 
	(d) 	The AT/MT switch enables the driver model to be used either for a vehicle with a manual or an automated gearbox. The output signals for the MT mode are the requested gear and the accelerator-, brake-, and clutch pedal ratios. Using the AT mode the output signals are only accelerator- and brake pedal ratio. No gearshift manoeuvres are considered and therefore the accelerator pedal is also not set to zero even though a gear change is detected. The standard values for the clutch pedal ration and for a desired gear are zero in AT mode. Nevertheless, if the gear selection of the actual test vehicle should be overruled this can be done by enabling the desired gear output in the parameter file. 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 17. 

	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	
	-
	Select gearbox mode MT(1) or AT(0)
	dat.gearboxmode.value

	
	
	-
	Gear selection model
	dat.gearselectionmode.value

	
	
	s
	Clutch time
	dat.clutchtime.value

	
	
	m/s
	Clutch is automatically acutated when speed is below this value
	dat.clutchthershold.value

	
	
	-
	Driver PID controller
	dat.controller

	command signal
	
	0-1
	Accelerator pedal position 
	Drv_AccPedl_rat

	
	
	0-1
	Brake pedal position 
	Drv_BrkPedl_rat

	
	
	0-1
	Clutch pedal position 
	Drv_CluPedl_rat

	
	
	-
	Gear request
	Drv_nrGearReq

	
	
	m/s
	Reference target speed
	Drivecycle_RefSpeed_mps

	sensor signal
	
	m/s
	Chassis speed
	Chassis_vVehAct_mps

	
	
	rad/s
	Transmission input speed
	Transm_nInAct_radps

	
	
	Nm
	Transmission input torque
	Transm_tqInAct_Nm

	
	
	-
	Actual gear ratio 
	Transm_grGearAct

	
	
	Boolean
	Transmission status
	Transm_flgConnected_B

	
	
	Boolean 
	Clutch status
	Clu_flgConnected_B


Table 17: 
Driver model parameters and interface
A.9.7.5. 	Electrical component models
A.9.7.5.1. 	DCDC converter model 
	The DC/DC converter is a device that changes the voltage level to desired voltage level. The converter model is general and captures the behaviour of several different converters such as buck, boost and buck-boost converters. As DC/DC converters are dynamically fast compared to other dynamics in a powertrain a simple static model shall be used: 
		(Eq. 135)
	Where: 
 	uin 		: input voltage level (V) 
	uout 		: output voltage level (V) 
	xDCDC 	: conversion ratio, i.e. control signal (-) 
	The conversion ratio xDCDC shall be determined by an open-loop controller to the desired voltage ureq as: 
		(Eq. 136)
	The DC/DC converter losses shall be defined as current loss using a constant DC/DC converter efficiency as follows: 
		(Eq. 137)
	Where:
	ηDCDC 	: DC/DC converter efficiency (-) 
	iin 		: input current to DC/DC converter (A) 
	iDCDCloss 	: DC/DC converter current loss (A) 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 18. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	ηDCDC
	-
	efficiency
	dat.efficiency.value

	command signal
	ureq
	V
	Requested output voltage
	dcdc_uReq_V

	sensor signal
	uout
	V
	Actual output voltage
	dcdc_uAct_V

	elec in [V]
	uin
	V
	voltage
	phys_voltage_V

	elec out [V]
	uout
	V
	voltage
	phys_voltage_V

	elec fb in [A]
	iout
	A
	current
	phys_current_A

	elec fb out [A]
	iin
	A
	current
	phys_current_A


Table 18: 
DC/DC converter model parameters and interface
A.9.7.6. 	Energy converter models
A.9.7.6.1. 	Electric machine system model 
	An electric machine can generally be divided into three parts, the stator, rotor and the (high power) electronic controller. The rotor is the rotating part of the machine. The electric machine shall be modelled using maps to represent the relation between its mechanical and electrical (DC) power, see figure 27. 
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Figure 27:
Electric machine model diagram
	The electric machine dynamics shall be modelled as a first order system
		(Eq. 138)
	Where: 
	Mem 		: Electric machine torque (Nm) 
	Mem,des 	: Desired electric machine torque (Nm) 
	τ1 		: Electric machine time response constant (-)
	The electric machine system power Pel,em shall be mapped as function of the electric motor speed ωem and torque Mem. Two separate maps shall be defined for the positive and negative torques. 
		(Eq. 139)
	The efficiency of the electric machine system shall be calculated as: 
		(Eq. 140)
	The electric machine system current shall be calculated as: 
		(Eq. 141)
	Where: 
	iem 	: electric machine system current (A) 
	u 	: battery voltage (V) 
	Based on its power loss Ploss,em, the electric machine model shall have a simple thermodynamics model to derive its temperature Tem as follows: 
		(Eq. 142)
		(Eq. 143)
	Where: 
	Tem 		: Electric machine system temperature (K) 
	τem,heat 	: Time constant for electric machine thermal mass ()
	Tem,cool 	: Electric machine system cooling medium temperature (K) 
	Rem,th 		: Electric machine system thermal resistance () 
	The electric machine system shall be torque or speed controlled using, respectively, an open-loop (feed-forward) control or PI-controller. 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 19. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	Jem
	kgm2
	Inertia
	dat.inertia.value

	
	τ1
	-
	Time constant
	dat.timeconstant.value

	
	
	Nm
	Maximum torque =f(speed)
	dat.maxtorque

	
	
	Nm
	Minimum torque =f(speed)
	dat.mintorque

	
	
	-
	Speed controller (PI)
	dat.ctrl

	
	Pel,em
	W
	Power map =f(speed,torque)
	dat.elecpowmap

	
	
	kg/s
	mass flow cooling fluid
	dat.mflFluid

	
	τem,heat
	J/K
	Thermal capacity
	dat.cm.value

	
	Rth
	K/W
	Thermal resistance
	dat.Rth.value

	
	
	-
	Properties of the cooling fluid
	dat.coolingFluid

	command signal
	
	rad/s
	Requested speed
	ElecMac_nReq_radps

	
	
	boolean
	Switch speed/torque control
	ElecMac_flgReqSwitch_B

	
	
	Nm
	Requested torque
	ElecMac_tqReq_Nm

	sensor signal
	Mem
	Nm
	Actual machine torque
	ElecMac_tqAct_Nm

	
	ωem
	rad/s
	Actual machine speed
	ElecMac_nAct_radps

	
	i
	A
	Current
	ElecMac_iAct_A

	
	Tem
	K
	Machine temperature
	ElecMac_tAct_K

	elec in [V]
	u
	V
	voltage
	phys_voltage_V

	elec fb out [A]
	i
	A
	current
	phys_current_A

	mech out [Nm]
	Mem
	Nm
	torque
	phys_torque_Nm

	
	Jem
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ωem
	rad/s
	rotational speed
	phys_speed_radps


Table 19: 
Electric machine model parameters and interface
A.9.7.6.2. 	Hydraulic pump/motor model 
	A hydraulic pump/motor generally converts energy stored in a hydraulic accumulator to mechanical energy. 
	The pump/motor torque shall be modelled as: 
		(Eq. 144)
	Where:
	Mpm 		: pump/motor torque (Nm) 
	x 		: pump/motor control signal between 0 and 1 (-) 
	D 		: pump/motor displacement (m3) 
	pacc 		: pressure in high pressure accumulator (Pa) 
	pres 		: pressure in low pressure sump/reservoir (Pa) 
	ηpm 		: mechanical pump/motor efficiency (-) 
	The mechanical efficiency ηpm shall be determined using: 
		(Eq. 145)
	And be calculated as function of friction losses, hydrodynamic losses and viscous losses: 
		(Eq. 146)
	Where: 
	ωpm 		: pump/motor speed (rad/s) 

	The efficiency can be determined from experimental data. 
	The volumetric flow Qpm through the pump/motor shall be calculated as: 
		(Eq. 147)
	Where  is the pump/motor volumetric efficiency consisting of laminar, turbulent and compressibility losses, in accordance with: 
		(Eq. 148)
	The volumetric efficiency may be determined from measurements and mapped as function of the control command signal, the pressure difference of the pump/motor and its speed: 
		(Eq. 149)
	The pump/motor system shall be torque or speed controlled using, respectively, an open-loop (feed-forward) control or PI-controller.
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 20. 

	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	Jpm
	kgm2
	Inertia
	dat.inertia.value

	
	τ1
	-
	Time constant
	dat.timeconstant.value

	
	
	Nm
	Maximum torque =f(speed)
	dat.maxtorque

	
	D
	m3
	Displacement volume
	dat.displacement.value

	
	ηv
	-
	Volumetric efficiency
	dat.volefficiency

	
	ηm
	-
	Mechanical efficiency
	dat.mechefficiency

	
	
	-
	PI controller
	dat.ctrl

	command signal
	
	rad/s
	Requested speed
	Hpm_nReq_radps

	
	
	boolean
	Switch speed/torque control
	Hpm_flgReqSwitch_B

	
	
	Nm
	Requested torque
	Hpm_tqReq_Nm

	sensor signal
	Mem
	Nm
	Actual machine torque
	Hpm_tqAct_Nm

	
	ωpm
	rad/s
	Actual machine speed
	Hpm_nAct_radps

	
	Qpm
	m3/s
	Actual volumetric flow
	Hpm_flowAct_m3ps

	
	pacc
	Pa
	Accumulator pressure
	Hpm_pInAct_Pa

	
	pres
	Pa
	Reservoir pressure
	Hpm_pOutAct_Pa

	fluid in 1 [Pa]
	pacc
	Pa
	pressure
	phys_pressure_Pa

	fluid in 2 [Pa]
	Pres
	Pa
	pressure
	phys_pressure_Pa

	fluid out [m3/s]
	Qpm
	m3/s
	Volume flow
	phys_flow_m3ps

	mech out [Nm]
	Mpm
	Nm
	torque
	phys_torque_Nm

	
	Jpm
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ωpm
	rad/s
	rotational speed
	phys_speed_radps


Table 20:
Hydraulic Pump/Motor model parameters and interface
A.9.7.6.3. 	Internal Combustion Engine model 
	The internal combustion engine model shall be modelled using maps to represent the chemical to mechanical energy conversion and the applicable time response. The internal combustion engine model diagram is shown in figure 28. 
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Figure 28:
Internal combustion engine model diagram
	The internal combustion engine shall include engine friction and exhaust braking, both as function of engine speed and modelled using maps. The exhaust brake can be controlled using e.g. an on/off control command signal. 
	The torque build-up response model shall use either of the following methods: 
	(a) 	using a first-order model with fixed time constant (version 1) as follows: 
		(Eq. 150)
	Where: 
	Mice 		: ICE torque (Nm) 
	Mice,des 	: ICE demand torque (Nm) 
	Τice 		: time constant for ICE torque response model (s) 
	(b) 	using a first-order model with speed dependent time constant (version 2) as follows: 
		(Eq. 151)
		(Eq. 152)
	Where: 
	Mice 		: ICE torque (Nm) 
	Mice1 		: dynamic ICE torque (Nm) 
	Mice,des1 	: dynamic ICE demand torque (Nm) 
	Mice,des2 	: direct ICE demand torque (Nm) 
	τice 		: speed dependent time constant for ICE torque response model (s) 
	ωice 		: engine speed (rad/s) 
	Both the speed dependent time constant and the dynamic and direct torque division are mapped as function of speed. 
	The internal combustion model shall have a thermodynamics model to represent the engine heat-up from cold start to its normal stabilized operating temperatures in accordance with: 
		(Eq. 153)
	Where: 
	θice,oil 	: ICE oil temperature (K) 
	Pice,loss 	: ICE power losses (W) 
	η 		: fraction of power loss that goes to heating (-) 
	θice,oil,cold 	: ICE oil temperature at (cold) start (K) 
	θice,oil,hot 	: ICE oil temperature at normal warm-up operating condition (K) 
 	The internal combustion engine shall be torque or speed controlled using, respectively, an open-loop (feed-forward) control or PI-controller.
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 21. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	Jice
	kgm2
	Inertia
	dat.inertia.value

	
	τice
	-
	Time constant
	dat.timeconstant.value

	
	Mfric
	Nm
	Engine friction torque
	dat.friction

	
	Mexh
	Nm
	Exhaust brake torque
	dat.exhaustbrake

	
	
	Nm
	Maximum torque =f(speed)
	dat.maxtorque

	
	
	-
	PI controller
	dat.ctrl

	
	
	kg/s
	Fuel flow
	dat.fuelmap

	
	
	kJ/kg
	Net calorific value of fuel
	dat.ncv.value

	
	
	kg/m3
	Fuel density
	dat.rho.value

	
	
	-
	Power loss to cooling and oil
	dat.eta.value

	
	
	-
	Properties of oil
	dat.oil

	
	
	-
	Properties of coolant
	dat.cf

	command signal
	
	rad/s
	Requested speed
	Eng_nReq_radps

	
	
	boolean
	Switch speed/torque control
	Eng_flgReqSwitch_B

	
	
	Nm
	Requested torque
	Eng_tqReq_Nm

	
	
	boolean
	Exhaust brake on/off
	Eng_flgExhaustBrake_B

	sensor signal
	Mice
	Nm
	Crankshaft torque
	Eng_tqCrkSftAct_Nm

	
	Mice+Mfric+Mexh
	Nm
	Indicated torque
	Eng_tqIndAct_Nm

	
	ωice
	rad/s
	Actual engine speed
	Eng_nAct_radps

	
	Tice
	K
	Oil temperature
	Eng_tOilAct_K

	chem fb out [kg/s]
	
	kg/s
	Fuel flow
	phys_massflow_kgps

	mech out [Nm]
	Mice
	Nm
	torque
	phys_torque_Nm

	
	Jice
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ωice
	rad/s
	rotational speed
	phys_speed_radps


Table 21: 
Internal Combustion Engine model parameters and interface
A.9.7.7.  	Mechanical component models 
A.9.7.7.1. 	Clutch model 
	The clutch model shall transfer the input torque on the primary clutch plate to the secondary clutch plate applying three operating phases, i.e. opened, slipping and closed. Figure 29 shows the clutch model diagram. 
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Figure 29:
Clutch model diagram
	The clutch model shall be defined in accordance with following (differential) equations of motion: 
		(Eq. 154)
		(Eq. 155)
	During clutch slip operation following relation is defined: 
		(Eq. 156)
		(Eq. 157)
	Where: 
	Mcl,maxtorque 	: maximum transferrable torque through clutch (Nm) 
	ucl 			: clutch actuation control signal between 0 and 1 (-) 
	During clutch open and closed operation, the following relations shall apply: 
			for open	(Eq. 158)
		 	for closed	(Eq. 159)
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 22. 

	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	J1
	kgm2
	Inertia
	dat.in.inertia.value

	
	J2
	kgm2
	Inertia
	dat.out.inertia.value

	
	Mmaxtorque
	Nm
	Maximum clutch torque
	dat.maxtorque.value

	command signal
	u
	0-1
	Requested clutch pedal position
	Clu_ratReq_Rt

	sensor signal
	
	boolean
	Clutch disengaged or not
	Clu_flgConnected_B

	mech in [Nm]
	Min
	Nm
	torque
	phys_torque_Nm

	
	Jin
	kgm2
	inertia
	phys_inertia_kgm2

	mech out [Nm]
	Mout
	Nm
	torque
	phys_torque_Nm

	
	Jout
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ω1
	rad/s
	rotational speed
	phys_speed_radps

	mech fb out [rad/s]
	ω2
	rad/s
	rotational speed
	phys_speed_radps


Table 22: 
Clutch model parameters and interface
A.9.7.7.2. 	Continuously Variable Transmission model 
	The Continuously Variable Transmission (CVT) model shall represent a mechanical transmission that allows any gear ratio between a defined upper and lower limit. The CVT model shall be in accordance with: 
		(Eq. 160)
	Where: 
	MCVT,in 	: CVT input torque (Nm) 
	MCVT,out 	: CVT output torque (Nm) 
	rCVT 		: CVT ratio (-) 
	ηCVT 		: CVT efficiency (-) 
	The CVT efficiency shall be defined as function of input torque, output speed and gear ratio: 
		(Eq. 161)
	The CVT model shall assume zero speed slip, so that following relation for speeds can be used: 
		(Eq. 162)
	The gear ratio of the CVT shall be controlled by a command setpoint and using a first-order representation for the CVT ratio change actuation in accordance with: 
		(Eq. 163)
	Where: 
	τCVT 		: CVT time constant (s) 
	rCVT,des 	: CVT commanded gear ratio (-) 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 23. 

	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	τCVT
	-
	Time constant
	dat.timeconstant.value

	
	ηCVT
	-
	Efficiency
	dat.efficiency

	
	Mmaxtorque
	Nm
	Maximum clutch torque
	dat.maxtorque.value

	command signal
	rdes
	-
	Requested CVT gear ratio
	CVT_ratGearReq

	sensor signal
	rCVT
	-
	Actual CVT gear ratio
	CVT_ratGearAct_Rt

	
	ωout
	rad/s
	Output speed
	CVT_nOutAct_radps

	
	ωin
	rad/s
	Input speed
	CVT_nInAct_radps

	mech in [Nm]
	Min
	Nm
	torque
	phys_torque_Nm

	
	Jin
	kgm2
	inertia
	phys_inertia_kgm2

	mech out [Nm]
	Mout
	Nm
	torque
	phys_torque_Nm

	
	Jout
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ωout
	rad/s
	rotational speed
	phys_speed_radps

	mech fb out [rad/s]
	ωin
	rad/s
	rotational speed
	phys_speed_radps


Table 23: 
CVT model parameters and interface
A.9.7.7.3. 	Flywheel model 
	The flywheel model shall represent a rotating mass that is used to store and release kinetic energy. The flywheel kinetic energy state is defined by: 
		(Eq. 164)
	Where: 
	Eflywheel 	: Kinetic energy of flywheel (J) 
	Jflywheel 	: Inertia of flywheel (kgm2) 
	ωflywheel 	: Flywheel speed (rad/s) 
	The basic flywheel model diagram is shown in figure 30.  
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Figure 30:
Flywheel model diagram
	The flywheel model shall be defined in accordance with following differential equation: 
		(Eq. 165)
	Where: 
	Mflywheel,in 		: input torque to flywheel (Nm) 
	Mflywheel,loss 	: (speed dependent) flywheel losses (Nm)
	The losses may be determined from measurements and modelled using maps. 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 24. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	Jfly
	kgm2
	Inertia
	dat.inertia.value

	
	Mloss
	Nm
	Torque loss map
	dat.loss

	command signal
	
	
	 no control signal
	

	sensor signal
	ωfly
	rad/s
	Flywheel speed
	Flywheel_nAct_radps

	mech in [Nm]
	Min
	Nm
	torque
	phys_torque_Nm

	
	Jin
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb out [rad/s]
	ωfly
	rad/s
	rotational speed
	phys_speed_radps


Table 24: 
Flywheel model parameters and interface
A.9.7.7.4. 	Mechanical summation gear model 
	A model for connection of two input shafts with a single output shaft, i.e. mechanical joint, can be modelled using gear ratios and efficiencies in accordance with: 
		(Eq. 166)
 	Where: 
	Min,1 		: Input torque on shaft 1 (Nm) 
	Min,2 		: Input torque on shaft 2 (Nm) 
	Mout 		: Output torque on shaft (Nm) 
	rin,1 		: Ratio of gear of shaft 1 (-) 
	rin,2 		: Ratio of gear of shaft 2 (-) 
	ηin,1 		: Efficiency on gear of shaft 1 (-) 
	ηin,2 		: Efficiency on gear of shaft 2 (-) 
	rout 		: Ratio of gear on output shaft (-) 
	ηout 		: Efficiency of gear on output shaft (-) 
	The inertia of each shaft/gear combination is to be defined and added to the total powertrain inertia. 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 25. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	J1
	kgm2
	Inertia
	dat.in1.inertia.value

	
	rin,1
	-
	Gear ratio
	dat.in1.ratio.value

	
	ηin,1
	-
	Efficiency
	dat.in1.efficiency.value

	
	J2
	kgm2
	Inertia
	dat.in2.inertia.value

	
	rin,2
	-
	Gear ratio
	dat.in2.ratio.value

	
	ηin,2
	-
	Efficiency
	dat.in2.efficiency.value

	
	Jout
	kgm2
	Inertia
	dat.out.inertia.value

	
	rout
	-
	Gear ratio
	dat.out.ratio.value

	
	ηout
	-
	Efficiency
	dat.out.efficiency.value

	command signal
	
	
	 no control signal
	

	sensor signal
	
	
	no signal
	

	mech in 1 [Nm]
	Min,1
	Nm
	torque
	phys_torque_Nm

	
	Jin,1
	kgm2
	inertia
	phys_inertia_kgm2

	mech in 2 [Nm]
	Min,2
	Nm
	torque
	phys_torque_Nm

	
	Jin,2
	kgm2
	inertia
	phys_inertia_kgm2

	mech out [Nm]
	Mout
	Nm
	torque
	phys_torque_Nm

	
	Jout
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ωin
	rad/s
	rotational speed
	phys_speed_radps

	mech fb out 1 [rad/s]
	ωout,1
	rad/s
	rotational speed
	phys_speed_radps

	mech fb out 2 [rad/s]
	ωout,2
	rad/s
	rotational speed
	phys_speed_radps


Table 25: 
Mechanical Connection model parameters and interface
A.9.7.7.5. 	Retarder model 
	A retarder model shall be represented by a simple torque reduction as follows: 
		(Eq. 167)
	Where: 
	u 			: Retarder command signal between 0 and 1 (-) 
	Mretarder,max 	: (speed dependent) maximum retarder brake torque (Nm) 
	ωretarder 		: Retarder speed (rad/s) 
	Mretarder,in 		: Retarder input torque (Nm) 
	Mretarder,out 		: Retarder output torque (Nm) 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 26. 
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	Tloss
	Nm
	Retarder brake torque map
	dat.braketorque

	command signal
	u
	-
	 Retarder on/off
	Ret_flgOnOff_B

	sensor signal
	Tloss
	Nm
	Retarder brake torque
	Ret_tqBrkAct_Nm

	mech in [Nm]
	Min
	Nm
	torque
	phys_torque_Nm

	
	Jin
	kgm2
	inertia
	phys_inertia_kgm2

	mech out [Nm]
	Mout
	Nm
	torque
	phys_torque_Nm

	
	Jout
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ωin
	rad/s
	rotational speed
	phys_speed_radps

	mech fb out  [rad/s]
	ωout
	rad/s
	rotational speed
	phys_speed_radps


Table 26: 
Retarder model parameters and interface
A.9.7.7.6. 	Fixed gear model 
	A transmission with a set of cog wheels and fixed gear ratio shall be represented in accordance with following equation: 
		(Eq. 168)
	The gear losses shall be considered as torque losses and implemented through an efficiency as: 
		(Eq. 169)
	The gear inertias shall be included as: 
		(Eq. 170)
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 27. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	Jgear
	kgm2
	Inertia
	dat.in.inertia.value

	
	rgear
	-
	Gear ratio
	dat.in.ratio.value

	
	ηgear
	-
	Efficiency
	dat.in.efficiency.value

	command signal
	
	
	no signal
	

	sensor signal
	
	
	no signal
	

	mech in [Nm]
	Min
	Nm
	torque
	phys_torque_Nm

	
	Jin
	kgm2
	inertia
	phys_inertia_kgm2

	mech out [Nm]
	Mout
	Nm
	torque
	phys_torque_Nm

	
	Jout
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ωout
	rad/s
	rotational speed
	phys_speed_radps

	mech fb out  [rad/s]
	ωin
	rad/s
	rotational speed
	phys_speed_radps


Table 28: 
Fixed gear model parameters and interface
A.9.7.7.7. 	Torque converter model 
	A torque converter is a fluid coupling device that transfers the input power from its impeller or pump wheel to its turbine wheel on the output shaft through its working fluid motion. A torque converter equipped with a stator will create torque multiplication in slipping mode. A torque converter is often applied as the coupling device in an automatic (shift) transmission. 
	The torque converter model shall be in accordance with following differential equations: 
		(Eq. 171)
	The representation of the torque converter model is shown in figure 31. 
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Figure 31:
Torque converter model diagram
	The torque converter model characteristics shall be defined as function of (rotational) speeds using typical parameters like torque (multiplication) ratio and efficiency. 
	The speed and torque ratios for the torque converter model shall be in accordance with: 
		(Eq. 172)
		(Eq. 173)
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 29. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	Jimpeller
	kgm2
	Inertia
	dat.inertia.value

	
	
	-
	Torque ratio map
	dat.torqueratiomap

	command signal
	
	boolean
	Torque converter lockup
	TC_flgLockUp_B

	sensor signal
	ωout
	rad/s
	Turbine speed
	TC_nTurbineAct_radps

	mech in [Nm]
	Min
	Nm
	torque
	phys_torque_Nm

	
	Jin
	kgm2
	inertia
	phys_inertia_kgm2

	mech out [Nm]
	Mout
	Nm
	torque
	phys_torque_Nm

	
	Jout
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ωout
	rad/s
	rotational speed
	phys_speed_radps

	mech fb out  [rad/s]
	ωin
	rad/s
	rotational speed
	phys_speed_radps


Table 29: 
Torque Converter model parameters and interface
A.9.7.7.8. 	Shift transmission model 
	The shift transmission model shall be implemented as gears in contact, with a specific gear ratio rgear in accordance with: 
		(Eq. 174)
	All losses in the transmission model shall be defined as torque losses and implemented through a fixed transmission efficiency for each individual gear. The transmission model shall than be in accordance with: 
		(Eq. 175)
	The total gearbox inertia shall depend on the active gear selection and is defined with following equation: 
		(Eq. 176)
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 30. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	
	s
	Shift time 
	dat.shifttime.value

	
	
	Nm
	Maximum torque
	dat.maxtorque.value

	
	
	-
	Number of gears
	dat.nofgear.value

	
	
	-
	Gear numbers (vector)
	dat.gear.number.value

	
	Jgearbox
	kgm2
	Inertia (vector)
	dat.gear.inertia.value

	
	rgear
	-
	Gear ratio (vector)
	dat.gear.ratio.value

	
	ηgear
	-
	Gear efficiency (vector) 
	dat.gear.efficiency.value

	command signal
	
	-
	Requested gear number
	Transm_nrGearReq

	sensor signal
	
	-
	Actual gear number
	Transm_nrGearAct

	
	
	boolean
	Gear engaged
	Transm_flgConnected_B

	
	ωout
	rad/s
	Output speed
	Transm_nOutAct_radps

	
	ωin
	rad/s
	Input speed
	Transm_nInAct_radps

	mech in [Nm]
	Min
	Nm
	torque
	phys_torque_Nm

	
	Jin
	kgm2
	inertia
	phys_inertia_kgm2

	mech out [Nm]
	Mout
	Nm
	torque
	phys_torque_Nm

	
	Jout
	kgm2
	inertia
	phys_inertia_kgm2

	mech fb in [rad/s]
	ωout
	rad/s
	rotational speed
	phys_speed_radps

	mech fb out  [rad/s]
	ωin
	rad/s
	rotational speed
	phys_speed_radps


Table 26: 
Shift transmission model parameters and interface
A.9.7.8. 	Rechargeable Energy Storage Systems 
A.9.7.8.1. 	Battery (resistor) model 
	A resistor based battery model (figure 32) can be used and shall then satisfy: 
	u	(Eq. 177) 
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Figure 32:
Representation diagram for battery
	The open-circuit voltage e and the internal resistance Ri shall have dependency of the actual battery energy level. This battery state-of-charge SOC shall be defined as:  
		(Eq. 178)
	Using initial state SOC(0) and battery capacity C. 
	A diagram for the resistor based model is shown in figure 33. 
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Figure 33:
Resistor based battery model diagram
	The battery can be scalable using a number of cells connected in parallel or series.
	The battery model can include a thermodynamics model that applies similar modelling as for the electric machine system and calculation the losses as follows: 
		(Eq. 179)
	The power losses shall be converted to heat affecting the battery temperature that will be in accordance with: 
		(Eq. 180)
	Where: 
	Tbat 		: Battery temperature (K) 
	Τbat,heat 	: Time constant for battery thermal mass ()
	Tbat,cool 	: Battery cooling medium temperature (K) 
	Rbat,th 		: Battery thermal resistance () 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 31. 

	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	ns
	-
	Number of cells connected in series
	dat.ns.value

	
	np
	-
	Number of cells connected in parallel
	dat.np.value

	
	C
	Ah
	Cell capacity
	dat.capacity.value

	
	SOC(0)
	%
	Initial state of charge
	dat.initialSOC.value

	
	e
	V
	Open circuit voltage =f(SOC)
	dat.ocv.ocv

	
	Ri
	Ω
	Cell resistance
	dat.resistance.R0

	command signal
	
	
	no signal
	

	sensor signal
	i
	A
	Actual current
	ReESS_iAct_A

	
	u
	V
	Actual output voltage
	ReESS_uAct_V

	
	SOC
	%
	State of charge
	ReESS_socAct_Rt

	
	Tbat
	K
	Battery temperature
	ReESS_tAct_K

	elec out [V]
	u
	V
	Voltage
	phys_voltage_V

	elec fb in [A]
	i
	A
	Current
	phys_current_A


Table 31: 
Resistor-based battery model parameters and interface 
A.9.7.8.2. 	Battery (RC) model 
	A battery model that includes additional dynamics can be used and shall then be based on the representation using resistor and capacitor circuits as shown in figure 34. 
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Figure 34:
Representation diagram for RC-circuit battery model
	The battery voltage shall satisfy: 
	u	(Eq. 181)
	with: 
		(Eq. 182)
	The open-circuit voltage e, the resistances Ri0 and R and the capacitance C shall all have dependency of the actual energy state of the battery and be modelled using tabulated values in maps. 
	The battery can be scalable using a number of cells. 
	The battery model can include a thermodynamics model that applies similar modelling as for the electric machine system and calculation its losses as follows: 
		(Eq. 183)
	The power losses shall be converted to heat affecting the battery temperature that will be in accordance with: 
		(Eq. 184)
	Where: 
	Tbat 		: Battery temperature (K) 
	Τbat,heat 	: Time constant for battery thermal mass ()
	Tbat,cool 	: Battery  cooling medium temperature (K) 
	Rbat,th 		: Battery thermal resistance () 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 32. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	ns
	-
	Number of cells connected in series
	dat.ns.value

	
	np
	-
	Number of cells connected in parallel
	dat.np.value

	
	C
	Ah
	Cell capacity
	dat.capacity.value

	
	SOC(0)
	%
	Initial state of charge
	dat.initialSOC.value

	
	e
	V
	Open circuit voltage =f(SOC)
	dat.ocv.ocv

	
	Ri0
	Ω
	Cell resistance
	dat.resistance.R0

	
	R
	Ω
	Cell resistance
	dat.resistance.R

	
	C
	F
	Cell resistance
	dat.resistance.C

	command signal
	
	
	no signal
	

	sensor signal
	i
	A
	Actual current
	ReESS_iAct_A

	
	u
	V
	Actual output voltage
	ReESS_uAct_V

	
	SOC
	%
	State of charge
	ReESS_socAct_Rt

	
	Tbat
	K
	Battery temperature
	ReESS_tAct_K

	elec out [V]
	u
	V
	Voltage
	phys_voltage_V

	elec fb in [A]
	i
	A
	Current
	phys_current_A


Table 32: 
Standard RC-based battery model parameters and interface
A.9.7.8.3. 	Capacitor model 
	Reserved. 
A.9.7.8.4. 	Accumulator model 
	A hydraulic accumulator is a pressure vessel to store and release a working medium (either fluid or gas). Commonly, a high pressure accumulator and a low pressure reservoir are part of the hydraulic system. Both the accumulator and reservoir shall be represented using the same modelling approach for which the basis is shown in figure 35. 
[image: IC]
Figure 35:
Accumulator representation
	The accumulator shall be represented in accordance with following equations, assuming ideal gas law, gas and fluid pressure to be equal and no losses in the accumulator: 
		(Eq. 185)
		(Eq. 186)
	Where: 
	mg 		: charge gas mass (kg) 
	R 		: gas constant
	Tg 		: charge gas temperature (K) 
	The model can contain a heat transfer model using following relation: 
		(Eq. 187)
	Where: 
	cv 	: Charge gas specific volume ()
	h 	: Accumulator heat transfer coefficient ()
	Aw 	: Accumulator surface area (m2) 
	Tw	: Accumulator surface temperature (K) 
	For the model as available in the standardized HILS library, the model parameter and interfacing definition is given in table 33. 
	
	Type / Bus
	Name
	Unit
	Description
	Reference

	parameter
	T
	K
	Gas temperature
	dat.gas.temperature.value

	
	mg
	kg
	Mass of gas
	dat.gas.mass.value

	
	R
	J/kg
	Gas constant
	dat.gas.constant.value

	
	Vg
	m3
	Tank volume
	dat.capacity.volume.value

	
	Vf
	m3
	Fluid volume
	dat.capacity.fluid.value

	
	
	%
	Initial fluid volume
	dat.capacity.fluid.init.value

	command signal
	
	
	no signal
	

	sensor signal
	p
	Pa
	Pressure
	Acc_presAct_Pa

	
	Tg
	K
	Gas temperature
	Acc_tGasAct_K

	
	Vg
	-
	Gas volume
	Acc_volGas_Rt

	fluid out [Pa]
	p
	Pa
	Pressure
	phys_pressure_Pa

	fluid fb in [m3/s]
	Q
	m3/s
	Volume flow
	phys_flow_m3ps


Table 33:
Accumulator model parameters and interface 
A.9.7.9. 	Provisions on OEM specific component models
	The manufacturer may use alternative powertrain component models that are deemed to at least include equivalent representation, though with better matching performance, than the models listed in paragraphs A.9.7.2. to A.9.7.8. An alternative model shall satisfy the intent of the library model. Deviations from the powertrain component models specified in paragraph A.9.7. shall be reported and be subject to approval by the type approval or certification authority. The manufacturer shall provide to the type approval or certification authority all appropriate information relating to and including the alternative model along with the justification for its use. This information shall be based on calculations, simulations, estimations, description of the models, experimental results and so on. 
	The chassis model shall be in accordance with paragraph A.9.7.3.
	The reference HV model shall be set up in accordance with paragraphs A.9.7.2. to A.9.7.8.  
A.9.8. 	TEST PROCEDURES FOR ENERGY CONVERTER(S) AND STORAGE DEVICE(S) 
A.9.8.1. 	General introduction
	The procedures described in paragraphs A.9.8.2. to A.9.8.5. shall be used for obtaining parameters for the HILS system components that is used for the calculation of the engine operating conditions using the HV model. 
	A manufacturer specific component test procedure may be used in the following cases: 
	(a) 	specific component test procedure not available in this gtr
	(b) 	unsafe or unrepresentative for the specific component 
	(c) 	not appropriate for a manufacturer specific component model 
	These manufacturer specific procedures shall be in accordance with the intent of specified component test procedures to determine representative data for use of the model in the HILS system. The technical details of these manufacturer component test procedures shall be reported to and subject to approval by the type approval or certification authority along with all appropriate information relating to and including the procedure along with the justification for its use. This information shall be based on calculations, simulations, estimations, description of the models, experimental results and so on. 
A.9.8.3. 	Equipment specification 
	Equipment with adequate characteristics shall be used to perform tests. Requirements are defined below and shall be in agreement with the linearity requirements and verification of paragraph 9.2. 
	The accuracy of the measuring equipment (serviced and calibrated according the handling procedures) shall be such that the linearity requirements, given in table 34 and checked in accordance with paragraph 9.2, are not exceeded. 
	Measurement system
	|xmin∙(a1-1)+ao|
(for maximum test value)
	Slope, a1
	Standard error, SEE
	Coefficient of determination, r2

	Speed
	≤ 0.05 % max
	0.98 – 1.02
	≤ 2 % max
	≥ 0.990

	Torque
	≤ 1 % max
	0.98 – 1.02
	≤ 2 % max
	≥ 0.990

	Temperatures 
	≤ 1 % max
	0.99 – 1.01
	≤ 1 % max
	≥ 0.998

	
	
	
	
	

	Current
	≤ 1 % max
	0.98 – 1.02
	≤ 1 % max
	≥ 0.998

	Voltage
	≤ 1 % max
	0.98 – 1.02
	≤ 1 % max
	≥ 0.998

	Power 
	≤ 2 % max
	0.98 – 1.02
	≤ 2 % max
	≥ 0.990


Table 34: 
Linearity requirements of instruments 
A.9.8.3. 	Internal Combustion Engine 
	The engine torque characteristics, the engine friction loss and auxiliary brake torque shall be determined and converted to table data as the input parameters for the HILS system engine model. The measurements and data conversion shall be carried out in accordance with paragraphs A.9.8.3.1. through A.9.8.3.7. 
A.9.8.3.1. 	Test engine 
	The test engine shall be the engine of the parent hybrid powertrain in accordance with the provision of paragraph 5.3.4.  
A.9.8.3.2. 	Test conditions and equipment
	The test conditions and applied equipment shall be in accordance with the provisions of paragraphs 6 and 9, respectively. 
A.9.8.3.3. 	Engine warm-up 
	The engine shall be warmed up in accordance with paragraph 7.4.1. 
A.9.8.3.4. 	Determination of the mapping speed range
	The minimum and maximum mapping speeds are defined as follows: 
	(a) Minimum mapping speed	=	idle speed at the warmed-up condition 
	(b) Maximum mapping speed 	=	nhi x 1.02 or the speed where the full load torque drops off to zero, whichever is smaller 
A.9.8.3.5. 	Mapping of positive engine torque characteristics 
	When the engine is stabilized in accordance with paragraph A.9.8.3.3., the engine torque mapping shall be performed in accordance with the following procedure. 
	(a) 	The engine torque shall be measured, after confirming that the shaft torque and engine speed of the test engine are stabilized at a constant value for at least one minute, by reading out the braking load or shaft torque of the engine dynamometer. If the test engine and the engine dynamometer are connected via a transmission, the read-out-value shall be divided by the transmission efficiency and gear ratio of the transmission. In such a case, a (shift) transmission with a known (pre-selected) fixed gear ratio and a known transmission efficiency shall be used and specified.
(b) 	The engine speed shall be measured by reading the speed of the crank shaft or the revolution speed of the engine dynamometer. If the test engine and the engine dynamometer are connected via a transmission, the read-out-value shall be multiplied by the gear ratio. 
	(c) 	The engine torque as function of speed and command value shall be measured under at least 100 conditions in total, for the engine speed under at least 10 conditions within a range in accordance with paragraph A.9.8.3.4, and for the engine command values under at least 10 conditions within a range from 100% to 0% operator command value. The distribution may be equally distributed and shall be defined using good engineering judgement.  
A.9.8.3.6. 	Measurement of engine friction and auxiliary brake torque 
	The measurement of the friction torque of the engine shall be carried out by driving the test engine from the engine dynamometer at unloaded motoring condition (0% operator command value and effectively realizing zero fuel injection) and performing the measurement under at least 10 conditions within a range in accordance with paragraph A.9.8.3.3. Additionally, the friction torque shall be measured with an enabled auxiliary brake system (such as an exhaust brake), if that brake is needed in the HILS system in addition to the engine brake. 
A.9.8.3.7. 	Engine model torque input data 
	The tabulated input parameters for the engine model shall be obtained from the recorded data of speed, torque and operator command values as required to obtain valid and representative conditions during the HILS system running. 
	At least 100 points for torque shall be included in the engine torque table with dependency of at least 10 values for engine speed and at least 10 values for the operator command value. The distribution may be evenly spread and shall be defined using good engineering judgement. Cubic Hermite interpolation in accordance with Appendix 1 to this annex shall be used when interpolation is required. Values equivalent to or lower than the minimum engine speed may be added to prevent non-representative or instable model performance during the HILS system running according to good engineering judgement. 
	At least 10 points for torque shall be included in the engine friction torque table with dependency of engine speed and a 0% command value.
	At least 10 points for torque shall be included in the engine auxiliary brake torque table with dependency of engine speed and a 0% command value.
A.9.8.4. 	Electric Machine  
A.9.8.4.1. 	General 
		The torque map and electric power consumption map of the electric machine shall be determined and converted to table data as the input parameters for the HILS system electric machine model. The test method shall be as prescribed and schematically shown in figure 36.  
	[image: ]
Figure 36:
Electric machine test procedure diagram 
A.9.8.4.2. 	Test electric machine and its controller 
	The test electric machine including its controller (high power electronics and ECU) shall be in the condition described below: 
	(a) 	The test electric machine and controller shall be serviced in accordance with the inspection and maintenance procedures. 
	(b) 	The electric power supply shall be a direct-current constant-voltage power supply or (rechargeable) electric energy storage system, which is capable of supplying/absorbing adequate electric power to/from the power electronics at the maximum (mechanical) power of the electric machine for the duration of the test part. 
	(c)	The voltage of the power supply and applied to the power electronics shall be within ± 5 % of the nominal voltage of the REESS in the HV powertrain according to the manufacturer specification. 
	(d) 	If performance characteristics of the REESS change due to a large voltage variation in the voltage applied to the power electronics, the test shall be conducted by setting at least 3 conditions for the applied voltage: the maximum, minimum and nominal in its control or according to the manufacturer specification. 
	(e) 	The wiring between the electric mchine and its power electronics shall be in accordance with its in-vehicle specifications. However, if its in-vehicle layout is not possible in the test cell, the wiring may be altered within a range not improving the electric machine performance. In addition, the wiring between the power electronics and the power supply need not be in accordance with its in-vehicle specifications. 
	(f) 	The cooling system shall be in accordance with its in-vehicle specifications. However, if its in-vehicle layout is not possible in the test cell, the setup may be modified, or alternatively a test cell cooling system may be used, within a range not improving its cooling performance though with sufficient capacity to maintain a normal safe operating temperature as prescribed by the manufacturer.
	(g) 	No transmission shall be installed. However, in the case of an electric machine that cannot be operated if it is separated from the transmission due to the in-vehicle configuration, or an electric machine that cannot be directly connected to the dynamometer, a transmission may be installed. In such a case, a transmission with a known fixed gear ratio and a known transmission efficiency shall be used and specified. 
A.9.8.4.3. 	Test conditions 
A.9.8.4.3.1. 	The electric machine and its entire equipment assembly must be conditioned at a temperature of 25 °C ± 5 °C.
A.9.8.4.3.2. 	The test cell temperature shall remain conditioned at 25 °C ± 5 °C during the test. 
A.9.8.4.3.3. 	The cooling system for the test motor shall be in accordance with paragraph A.9.8.4.2.(f). 
A.9.8.4.3.4. 	The test motor shall have been run-in according to the manufacturer’s recommendations. 
A.9.8.4.4. 	Mapping of electric machine torque and power maps 
A.9.8.4.4.1.	 	General introduction 
	The test motor shall be driven in accordance with the method in paragraph A.9.8.4.4.2. and the measurement shall be carried out to obtain at least the measurement items in paragraph A.9.8.4.4.3. 
A.9.8.4.4.2. 	Test procedure
	The test motor shall be operated after it has been thoroughly warmed up under the warm-up operation conditions specified by the manufacturer. 
	(a) 	The torque output of the test motor shall be set under at least 6 conditions on the positive side (‘motor’ operation) as well as the negative side (‘generator’ operation) (if applicable), within a range of the electric machine torque command values between the minimum (0 %) to the maximum (± 100 %) or their equivalent command values. The distribution may be equally distributed and shall be defined using good engineering judgement.
	(b) 	The test speed shall be set at least 6 conditions between the stopped state (0 rpm) to the maximum design revolution speed as declared by the manufacturer. Moreover, the torque may be measured at the minimum motor speed for a stable operation of the dynamometer if its measurement in the stopped state (0 rpm) is difficult. The distribution may be equally distributed and shall be defined using good engineering judgement. In case negative speeds are also used on the in-vehicle installation, this procedure may be expanded to cover the required speed range. 
	(c) 	The minimum stabilized running for each command value shall be at least 3 seconds up to the rated power conditions.  	Comment by Erik van den Tillaart: Duration to be defined after/in relation to peak power definition and time that such a power is  needed/possible. Stabilized EM operation as well as reading from measurement equipment. 
This procedure needs to provide the required input data for the model allowing interpolation, likely not extrapolation
	(d) 	The measurement shall be performed with the internal electric machine temperature and power electronics temperature during the test kept within the manufacturer defined limit values. Furthermore, the motor may be temporarily operated with low-power or stopped for the purpose of cooling, as required to enable continuing the measurement procedure. 
	(e) 	The cooling system may be operated at its maximum cooling capacity. 
A.9.8.4.4.3. 	Measurement items
	The following items shall be simultaneously measured after confirmed stabilization of the shaft speed and torque values 
	(a) 	The shaft torque setpoint and actual value. If the test electric machine and the dynamometer are connected via a transmission, the recorded value shall be divided by the known transmission efficiency and the known gear ratio of the transmission.
	(b) 	The (electric machine) speed setpoint and actual values. If the test electric machine and the dynamometer are connected via a transmission, the electric machine speed may be calculated from the recorded speed of the dynamometer by multiplying the value by the known transmission gear ratio. 
	(c) 	The DC-power to/from the power electronics shall be recorded from  measurement device(s) for the electric power, voltage and current. The input power may be calculated by multiplying the measured voltage by the measured current.
	(d) 	In the operating condition prescribed in paragraph A.9.8.4.4.2., the electric machine internal temperature and temperature of its power electronics (as specified by the manufacturer) shall be measured and recorded as reference values, simultaneously with the measurement of the shaft torque at each test rotational speed.
	(e) 	The test cell temperature and coolant temperature (in the case of liquid-cooling) shall be measured and recorded during the test. 
A.9.8.4.5. 	Calculation formulas 
	The shaft output of the electric machine shall be calculated as follows: 
		(Eq. 188)
	where:
			Pem 		: Electric machine mechanical power (kW)
			Mem 		: Electric machine shaft torque (Nm)
			Nem 		: Electric machine rotational speed (min-1) 
A.9.8.4.6. 	Electric machine tabulated input parameters 
	The tabulated input parameters for the electric machine model shall be obtained from the recorded data of speed, torque, (operator/torque) command values, current, voltage and electric power as required to obtain valid and representative conditions during the HILS system running. At least 36 points for the power maps shall be included in the table with dependency of at least 6 values for speed and at least 6 values for the command value. This shall be valid for both the motor and generator operation, if applicable. The distribution may be equally distributed and shall be defined using good engineering judgement. Cubic Hermite interpolation in accordance with Appendix 1 to this annex shall be used when interpolation is required. Values equivalent to or lower than the minimum electric machine speed may be added to prevent non-representative or instable model performance during the HILS system running according to good engineering judgement. 
A.9.8.5. 	Battery 
A.9.8.5.1. 	Resistor based battery model 
A.9.8.5.1.1. 	General
	The direct-current internal resistance and open-circuit voltage of the battery shall be determined as the input parameters for the HILS system battery model and obtained from the battery test. The test method shall be as prescribed and schematically shown below in figure 37: 
		[image: ]
Figure 37:
Battery test procedure diagram
A.9.8.5.1.2. 	Test battery 
	The test battery shall be in the condition described below: 
	(a) 	The test battery shall be either the complete battery system or a representative subsystem. If  the manufacturer chooses to test with a representative subsystem, the manufacturer shall demonstrate that the test results can represent the performance of the complete battery under the same conditions. 
	(b) 	The test battery shall be one that has reached its rated capacity after 5 or less repeated charging / discharging cycles with a current of n C. 
A.9.8.5.1.3. 	Equipment specification  
	Measuring devices in accordance with paragraph A.9.8.2. shall be used. 
A.9.8.5.1.4. 	Test conditions 
	(a) 	The test battery shall be placed in a temperature controlled test cell. The room temperature shall be conditioned at 298 ± 2K (25 ± 2°C) or 318 ±2K (45 ± 2°C), whatever is more appropriate according to the manufacturer.  
	(b) 	The voltage shall be measured at the terminals of the test battery.
	(c) 	The temperature measurement shall follow the method specified by the manufacturer or it shall be performed, as shown in figure 38 below, in the condition not affected by the outside temperature, with the thermometer attached to the central part of the battery and covered with insulation. 
	(d) 	The battery cooling system may be either activated or deactivated during the test. 
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Figure 38:
Battery temperature measurement locations
(left: rectangular battery; right: cylindrical battery)
A.9.8.5.1.5. 	Current and voltage characteristic test 
	During this test, the voltage at the 10th second of discharging and charging with a constant current shall be measured in accordance with the procedure given below: 	Comment by Erik van den Tillaart: Is a single sample suitable for measurement ?  Signal noise filtering and/or averaging of multiple samples needed ? 
	(a) 	The test shall be conducted by changing the depth of discharge (100 % - SOC) within the range used for the test cycle as specified in Annex 1.b. The depth-of-discharge shall be level 3 or more, and shall be set in such a way as to allow for interpolation. 	Comment by Erik van den Tillaart: What does this mean ? C3, 3C ? 
	(b) 	As for the depth of discharge, after fully charging the battery at an ambient temperature of 298 ± 2 K (25 ºC ± 2 ºC) in accordance with the charging method specified by the manufacturer, it shall be soaked under the same condition for at least 1 hour but less than 4 hours. The adjustment shall be performed by changing the discharge time with a constant current In (A). The depth of discharge (a %) is the state after discharging the battery at In (A) for (0.01 × a × n) hours. However, adjustment may be made by using the immediately preceding actually-measured battery capacity to calculate the discharge time for obtaining the targeted depth of discharge. Furthermore, if, after the completion of the current and voltage characteristic test at the first depth of discharge, an adjustment to the next depth of discharge is continuously performed, the adjustment may be made by calculating the discharge time from the present depth of discharge and the next depth of discharge. 	Comment by Erik van den Tillaart: Is the discharge/charge pulse 10seconds ? Or is the measurement time 10s of the charge/discharge time (dependent on the  required current or adjustment of depth of discharge?
	(c) 	The battery temperature at the start of the test shall be 298 ± 2 K (25 ºC ± 2 ºC). However, 318 ± 2 K (45 ºC ± 2 ºC) may be selected by reporting in the application the actually-measured battery temperature at the time of the test cycle as specified in Annex 1.b. running equivalent to the in-vehicle condition.
	(d) 	After adjusting the depth of discharge, soak the battery at the prescribed battery temperature at the start of the test. The test shall be started 1 hour or more but not more than 4 hours thereafter, and 16 hours or more but not more than 24 hours thereafter in the case of 45ºC.
	(e) 	The test shall be conducted in accordance with the sequence shown in figure 39:
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Figure 39:
Test sequence of current-voltage characteristic test
(example: when for rated capacity below 20Ah)
	(f) 	The battery voltage at the 10th second shall be measured by discharging and charging at each current specified for each category of the rated capacity posted in table 35 below. The upper limit of the charging or discharging current shall be 200 (A) but at least higher than the maximum value used in the HV as defined by the manufacturer. However, if the battery voltage at the 10th second exceeds the lower limit of discharging voltage or the upper limit of charging voltage, that measurement data shall be discarded. 
	Category of rated capacity
	Charge / Discharge current

	Less than 20Ah
	⅓∙n∙In
	n∙In
	5∙n∙In
	10∙n∙In
	Imax

	20Ah or more
	⅓∙n∙In
	n∙In
	2∙n∙In
	5∙n∙In
	Imax


Table 35:
Charge/Discharge current values for test
	(g) 	During the no-load period, the battery shall be cooled off for at least 10 minutes. It shall be confirmed that the change of temperature is kept within ± 2 ºC before continuing with the next discharging or charging level. 
A.9.8.5.1.6. 	Calculation of direct-current internal resistance and open-circuit voltage 
	The measurement data obtained in accordance with paragraph A.9.8.5.4.1.5. shall be used to calculate the current and voltage characteristics from each charging, respectively, discharging currents and their corresponding voltages. 
	The method of the least-squares shall be used to determine the best-fit equation having the form: 
		(Eq. 189)
	Where: 
	y = actual value of voltage (V)
	x = actual value of current (A) 
	a = slope of the regression line 
	b = y-intercept value of the regression line
		(a) 	For the discharge pulses, calculate the direct-current internal resistance Rd (i.e. absolute value of the slope) and the open-circuit voltage Vd0 (i.e. the y-intercept) from the data (displayed in figure 40). 
	(b) 	For the charge pulses, calculate the direct-current internal resistance Rc (i.e. absolute value of the slope) and the open-circuit voltage Vc0 (i.e. the y-intercept) from the data (displayed in figure 41).
	(c) 	The open-circuit voltage V0 as input parameter for the model shall be the calculated average of Vd0 and Vc0. 
	(d) 	When a single internal resistance parameter is used as input parameter for the model, the direct-current internal resistance R0 shall be the calculated average of Rd and Rc. Separate charge and discharge internal resistances may be used. 
	(e) 	In case a REESS subsystem is used for the test, the representative system values shall be calculated. 
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Figure 40:
		Determination of the Internal Resistance and Open-Circuit Voltage during Discharging
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Figure 41:
	Determination of the Internal Resistance and Open-Circuit Voltage during Charging
A.9.8.5.2. 	RC-based battery model 
	Reserved. 
A.9.8.6. 	Capacitor 
	Reserved. 
Appendix 1 	CUBIC HERMITE INTERPOLATION PROCEDURE 
	Reserved. 
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Annex 10 

TEST PROCEDURE FOR ENGINES INSTALLED IN HYBRID VEHICLES USING THE POWERTRAINS METHOD

A.10.1.	This annex contains the requirements and general description for testing engines installed in hybrid vehicles using the Powertrain method. 
A.10.2.	TEST PROCEDURE
	This Annex describes the procedure for simulating a chassis test for a pre-transmission or post-transmission hybrid system in a powertrain test cell. Following steps shall be carried out: 
A.10.2.1	Powertrain method
	The Powertrain method shall follow the general guidelines for execution of the defined process steps as outlined below and shown in the flow chart of figure 42. The details of each step are described in the relevant paragraphs. Deviations from the guidance are permitted where appropriate, but the specific requirements shall be mandatory. 
	For the Powertrains method, the procedure shall follow: 
	(a) 	Selection and confirmation of the HDH object for approval 
	(b) 	Set up of Powertrain system 
	(c) 	Hybrid system power mapping  
	(d) 	Exhaust emission test 
	(e) 	Data collection and evaluation 
	(f) 	Calculation of specific emissions 
[image: ]
Figure 42: 
Powertrain method flow chart
A.10.2.2. 	Build of the Powertrain system setup
	The Powertrain system setup shall be constructed in accordance with the provisions of paragraph A.10.3. and A.9.7. of the HILS method.  
A.10.2.3. 	System Power Mapping 
	The system rated power shall be determined in accordance with paragraph A.10.4. 
A.10.2.4. 	Powertrain Exhaust Emission Test   
	The Powertrain Exhaust Emission Test shall be carried out in accordance with all provisions of paragraph A.10.5. 
A.10.3. 	SET UP OF POWERTRAIN SYSTEM
A.10.3.1	General introduction 
	The powertrain system shall consist of, as shown in figure 43, a HV model and its input parameters, the test cycle as defined in Annex 1.b., as well as the complete physical hybrid powertrain and its ECU(s) (hereinafter referred to as the “actual powertrain”) and a power supply and required interface(s). The powertrain system setup shall be defined in accordance with paragraph A.10.3.2. through A.10.3.5. The HILS component library (paragraph A.9.7.) shall be applied in this process. The system update frequency shall be at least 100 Hz to accurately control the dynamometer. 
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	Figure 43: 
	Outline of powertrain system setup
A.10.3.2. 	Powertrain system hardware 
	The powertrain system hardware shall have the signal types and number of channels that are required for constructing the interface between all hardware required for the functionality of and to connect the dynamometer and the actual powertrain. 
A.10.3.3.	Powertrain system interface
	The powertrain system interface shall be specified and set up in accordance with the requirements for the (hybrid) vehicle model (paragraph A.10.3.5.) and required for the operation of the dynamometer and actual powertrain. In addition, specific signals can be defined in the interface model to allow proper operation of the actual ECU(s), e.g. ABS signals. 
	The interface shall not contain key hybrid control functionalities as specified in paragraph A.9.3.4.1. of the HILS method. 
	The actual dynamometer torque shall be used as input to the HV model. 
	The calculated rotational input speed of the HV model (e.g. transmission or final gear input shaft) shall be used as setpoint for the dynamometer speed. 
A.10.3.4.	Actual powertrain
  	The powertrain including all of its ECU(s) in accordance with the in-vehicle installation shall be used for the powertrain system setup. The provisions for setup shall follow paragraph 6.3. of this gtr. 
A.10.3.5. 	Vehicle model
	A vehicle model shall represent all relevant characteristics of the applicable hybrid vehicle for the powertrain system. The HV model shall be constructed by defining its components in accordance with paragraph A.9.7. of the HILS method. The relevant characteristics are defined as: 
	(a) 	Chassis (paragraph A.9.7.3.) to determine actual vehicle speed as function of powertrain torque and brake torque, tyre rolling resistance, air drag resistance and road gradients. The actual vehicle speed shall be compared with the desired vehicle speed defined in the test cycle of Annex 1.b. 
	(b) 	Final gear (paragraph A.9.7.7.6.) to represent the differential gear functionality, unless it is already included in the actual powertrain. 
	(c) 	In case of a manual transmission, the transmission (A.9.7.7.8.) and clutch model (A.9.7.7.1.) may be included as part of the HV model. 
A.10.3.6. 	Driver model 
	The driver model shall contain all required tasks to drive the HV model over the test cycle and typically includes e.g. accelerator and brake pedal signals as well as clutch and selected gear position in case of a manual shift transmission. 
	The driver model tasks shall be implemented as a closed-loop control. 
	The shift algorithm for the manual transmission shall be in accordance with paragraph A.9.7.4.(b).  
A.10.4. 	SYSTEM POWER MAPPING PROCEDURE
A.10.4.1.	General 
The purpose of the mapping procedure in this paragraph is to determine the maximum hybrid system torque and power available at each speed with a fully/sufficiently charged Rechargeable Energy Storage System. One of the following methods shall be used to generate a hybrid-active map.
A.10.4.2	Mapping conditions
	Internal Combustion Engines as part of a hybrid system shall be mapped as described in this paragraph when either the HILS method (annex 8. to this gtr) or the Powertrain method (annex 9. to this gtr) are used to determine their exhaust gas pollutant emissions. These provisions may be applied to other types of hybrid engines, consistent with good engineering judgment. The mapping procedure as given in paragraph 7.4 of this gtr shall be used except as noted in this paragraph. The powertrain map shall be generated with the hybrid system activated as described in paragraphs A.10.4.3. or A.10.4.4. of this section. 
	The operator command and speed setpoints may be defined as in standard engine testing. 
A.10.4.3.	Continuous sweep mapping 
A powertrain map shall be performed by using a (series of) continuous sweeps to cover the powertrain's full range of operating speeds. The powertrain shall be prepared for hybrid-active mapping by ensuring that the RESS state of charge is representative of normal operation. The sweep shall be performed as specified in paragraph 7.4 of this gtr, but the sweep shall be stopped to charge the RESS when the power measured from the RESS drops below the expected maximum power from the RESS by more than 2% of total declared system power (including engine and RESS power). 
Unless good engineering judgment indicates otherwise, it may be assumed that the expected maximum power from the RESS is equal to the measured RESS power at the start of the sweep segment. For example, if the 3-second rolling average of total engine-RESS power is 200 kW and the power from the RESS at the beginning of the sweep segment is 50 kW, once the power from the RESS reaches 46 kW, the sweep shall be stopped to charge the RESS. Note that this assumption is not valid where the hybrid motor is torque-limited. Total system power shall be calculated as a 3-second rolling average of instantaneous total system power. 
After each charging event, the engine shall be stabilized for 15 seconds at the speed at which the previous segment ended with operator demand set to maximum before continuing the sweep from that speed. The cycle of charging, mapping, and recharging shall be repeated until  the engine map is completed. The system may be shut down or other operation may be included between segments to be consistent with the intent of this paragraph. For example, for systems in which continuous charging and discharging can overheat batteries to an extent that affects performance, the engine may be operated at zero power from the RESS for enough time after the system is recharged to allow the batteries to cool. Good engineering judgment shall be used to smooth the torque curve to eliminate discontinuities between map intervals.
A.10.4.4.	Discrete speed mapping 
A powertrain map shall be performed by using discrete speeds along its full load curve from minimum to maximum mapping speed with increments no greater than 100 min-1. Speed set points shall be selected at at least 13 equally spaced powertrain speeds. Mapping may be stopped at the highest speed above maximum power at which 50% of maximum power occurs. Powertrain speed shall be stabilized at each setpoint, targeting a torque value at 70% of peak torque at that speed without hybrid-assist. The engine shall be fully warmed up and the RESS state of charge shall be within the normal operating range. The operator demand shall be moved to maximum, the powertrain shall be operated there for at least 10 seconds, and the 3-second rolling average feedback speed and torque shall be recorded at 1 Hz or higher. The peak 3-second average torque and 3-second average speed shall be recorded at that point. Linear interpolation shall be used to determine intermediate speeds and torques. Paragraph 7.4.2. to this gtr shall be followed to calculate the maximum test speed. The measured maximum test speed shall fall in the range from 92 to 108% of the estimated maximum test speed. If the measured maximum test speed does not fall in this range, the map shall be rerun using the measured value of maximum test speed. 
A.10.5. 	POWERTRAIN EXHAUST EMISSION TEST 
A.10.5.1. 	General introduction 
	Using the powertrain system setup and all required HV model and interface systems enabled, exhaust emission testing shall be conducted in accordance with the provisions of paragraphs A.10.5.2. to A.10.5.6. Guidance on test sequence is provided in the flow diagram of figure 44.  
		[image: ]
Figure 44:
Powertrain exhaust emission test sequence
A.10.5.2. 	Generic vehicle 
	Generic vehicle parameters shall be used in the HV model and defined in accordance with paragraphs A.10.5.2.1. to A.10.5.2.6. 
A.10.5.2.1. 	Test vehicle mass and curb mass 
	Test vehicle mass mvehicle and curb mass mvehicle,0 are defined in accordance with equations 112 and 113 or 114, respectively.
A.10.5.2.2. 	Air drag coefficients 
	The generic vehicle air drag coefficients Afront and Cdrag are in accordance with equations 115 and 116 or 117, respectively. 
A.10.5.2.3. 	Tyre rolling resistance coefficient 
	The tyre rolling resistance coefficient froll is calculated in accordance with equation 118. 
A.10.5.2.4. Wheel radius
	The wheel radius shall be defined in accordance with paragraph A.9.5.6.9.
A.10.5.2.5. 	Final gear ratio 
	The final gear ratio shall be defined in accordance with paragraph A.9.6.2.10. 
A.10.5.2.6. 	Inertia of rotating sections
	The inertia for the post transmission parts shall be defined in accordance with paragraph A.9.6.2.15. 
A.10.5.3. 	Data to be recorded
	All data required to allow for the checks of speed, net energy balance and determination of emissions shall be recorded at 5 Hz or higher (10 Hz recommended). 
A.10.5.4. 	Emission test sequence 
	The test sequence shall be in accordance with paragraph 7.6. 
A.10.5.5. 	Validation statistics 
	For each test, either cold or hot started, it shall be valid if the test conditions of paragraph A.10.5.5.1. and A.10.5.5.2. are met.
A.10.5.5.1.	Validation of vehicle speed 
	The criteria for vehicle speed and net energy change of the RESS shall be in accordance with paragraph A.9.6.4.4. 
A.10.5.5.2. Validation of RESS net energy change 
		The ratio of RESS net energy change to the cumulative fuel energy value shall satisfy the following equation: 
		(Eq. X190)
	Where: 
	ΔE 		: Net energy change of RESS in accordance with paragraph A.9.5.8.2.3.(a)-(d), kWh 
	Ctest 		: Energy value for cumulative amount of fuel mass flow during test, kWh 
A.10.A.9.	In case the net energy change criteria is not met, the powertrain system shall be readied for another test run. 
A.10.5.6.2. 	Validation of dynamometer speed 
	Linear regression of the actual values for the dynamometer speed on the reference values shall be performed for each individual test cycle. The method of least squares shall be used, with the best-fit equation having the form:  
		(Eq. 190191)
	Where: 
	y 	: actual value of speed (min-1)
	x 	: reference value of speed (min-1) 
	a1 	: slope of the regression line 
	a0 	: y-intercept value of the regression line 
	The standard error of estimate (SEE) of y on x and the coefficient of determination (r2) shall be calculated for each regression line. 
	For a test to be considered valid, the criteria of table 36 shall be met.  
	Parameter
	Speed control

	Slope, a1
	0.950 ≤ a1 ≤ 1.030 

	Absolute value of intercept, |a0|
	≤ 2.0 % of maximum test speed 

	Standard error of estimate, SEE
	≤ 5.0 % of maximum test speed 

	Coefficient of determination, r2
	≥ 0.970 


Table 36:
Statistical criteria for speed validation
A.10.6. 	DATA COLLECTION AND EVALUATION  
	Reserved.   
A.10.7. 	CALCULATION OF THE SPECIFIC EMISSIONS 
	Reserved. 
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