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0. ABSTRACT 
 
The following paper describes the characteristics, performance 
data of the SAPA SG-850 32 speed transmission for a tracked 
vehicle, as well as its future derivatives for both tracked and 
wheeled vehicles.  
 
The SG-850 is a fully automatic electronically controlled 
transmission for tracked vehicles, therefore includes the steering 
and brake systems. It is configured as a drop-in transmission for 
installation in the Pizarro IFV, a 33Ton vehicle with a 535kW 
diesel engine. 

 
The very high transmission reduction ratio, 20 to 1, provides 
enough traction effort without the need of a torque converter, and 
allows efficient use of engine brake. Its 32 ratios make the 
transmission behaves as a quasi continuous variable transmission. 
 
The steering transmission is another 32 ratio, quasi continuous 
variable (Q-CVT) transmission. 
 
This transmission has been developed to overcome the loss in 
overall efficiency created by a torque converter and hydrostatic 
steering in a conventional tracked vehicle transmission. Moreover, 
an improvement in reliability and supportability is expected from a 
simple mechanical conception. 
 
Design objectives, performance test data and validation test results 
of the first six prototype transmissions will be presented. 
 
An explanation of the potential to change the behavior of the 
transmission via control software will be made and the relation 
between engine and transmission control units will be discussed. 
 
The results show a transmission with an excellent power to weight 
ratio, improved performance and fuel efficiency that has recently 
entered into production.

  
 
1. INTRODUCTION 
 
State of the art automatic transmissions have been developed during the last decades. Nowadays the 
technological structure of an automatic transmission for a tracked vehicle comprises a 4-6 gearshift transmission 
with a torque converter for smooth starts and/or torque amplification and a hydrostatic transmission for steering. 
 
Once the steering problem of a tracked vehicle was overcome with the fully regenerative system, the principal 
problem for the mobility of a tracked vehicle is the loss of power during off-road operation when high steering 
power is needed and/or torque converter operation is required. 
 
Both torque converter and hydrostatic transmission are the principal sources of power loss during vehicle 
operation. 
 
Attempts to solve the problem of loosing power have been made like the lock up clutch for the torque converter. 
But during off-road operation the open torque converter condition is the most favorable for the agility of the vehicle 
due the high torque demand caused by these demanding conditions: slopes, rolling resistance, sharp turns (high 
steering power demand from the engine), low speed and high accelerations, etc. 
 
 
  
2. SG TRANSMISSIONS. CHARACTERISTICS AND DESIGN OBJ ETIVES 
 
In order to have a transmission with the same performance but with an increase in efficiency SAPA PLACENCIA 
has developed a multi-speed automatic transmission called SG-850. 
 
This transmission substitutes the main 4-6 speeds gearbox plus torque converter typical design for a 32 speed   
geared transmission with a start-up clutch. It also substitutes the hydrostatic steering for a 32 ratio gearbox with 
left/right operation. 
 
The two main design objectives of this transmission were to increase the load dependent efficiency of the system 
and to increase the steering transmission reliability, thus increasing availability and reducing maintenance costs.  
 
The SG-850 was also designed specifically for integration into the Spanish APC Pizarro vehicle fulfilling the 
functionality, interface, reliability and maintenance requirements specified by the vehicle manufacturer. 



Six prototypes were produced. Three were designed for a test bench program including both endurance and 
performance tests. The other three were integrated into vehicles to fulfill a specific vehicle test program for the 
transmission which served as technology validation. This test program was executed by SAPA PLACENCIA 
together with vehicle manufacturer. 
 
The technology is being further developed in the SG-450 transmission, which is aimed at an 18 Tm vehicle 
powered by a 300kW engine and is currently undergoing a development program at SAPA. Except for power and 
weight, overall functionality of this transmission is equivalent to the SG-850 model. Efficiency is increased with 
respect to the SG-850 by improving specific aspects of spin losses contributors. Once load dependent efficiency 
is improved with the elimination of torque converter and hydrostatic steering, and engine operation efficiency is 
fully optimized with CVT concept of 32 gearshift with 10% step, the objective of this transmission is to reduce the 
losses caused by no-load dependent elements as pump losses, clutches drag losses, churning losses by driven 
pumps gears, etc. 
 
Improvements of the SG-850 with respect to the conventional transmission are calculated as a 15% to 20% fuel 
saving or power output increase during off-road operation. Current predictions for the SG-450 improve the SG-
850 results by 5%.  
 
Another main design objective of the SG-450 was the improvement on the relation power density which in this 
transmission is 545-600Kg/300kW and represents a 30% reduction over the SG-850 value.  
 
Finally, based on the last developments achieved in the SG-450, a new development program has been started at 
SAPA PLACENCIA for military wheeled vehicles. Accompanying the latest requirements for modern vehicles this 
transmission will include an integrated starter generator. Optimization of the start-up clutch and increasing its 
functionality as dumper operation will be new design challenges.  
 
2.1. SG-850 characteristic data 
 
�  Max. Input Power 635kW  �  Max. Input Speed 2.800 rpm 

�  Max. Input Torque 2.700Nm  �  Max. Vehicle Weight 33 Tm 

�  Transmission weight (dry) 1,750Kg  �  Dimensions 1275 x 1185 x 900 

�  32 Gears ratios   �  Steering System 32 radii Left/Right 

�  Forward range 20:1 to 1:1  �  Max. Pivot Speed 9,5 rpm (2.300 engine rpm) 

�  Reverse range 35:1 to 1,75:1  �  Min. Steer radii (0% slipping)  
   Gear 32:      19,6 m 
   Gear 24:      9,0 m 
   Gear 17:      4,5 m 
   Gear 8:        1,9 m 
   Gear 1:        1,0 m 
 

2.2. SG-850 Functionality 
 
�  “By wire” normal operation except for 

braking  
�  Manual emergency system: pure mechanical “limp home”   

mode 
  �  1 mech. engaged forward gear: 0-20Km/h        

  �  1 mech. engaged reverse gear: 0-11Km/h 

  �  4 mech. controlled steer radii 

�  Engine tow start through a secondary pump  
�  Transmission ECU through CAN BUS link protocol with the 

engine and vehicle (SAE J1939) 
�  Diagnosis and auto diagnosis for safe 

operation:  �  Software programmable/upgradeable on vehicle for different 
functional modes: 

�  Oil level  �  Speed control: Limit max. vehicle speed 

�  Oil pressures (brake, control and lube)  �  Wireless remote control, including steering 

�  Filter status  �  Drive mode 



�  Oil temperature  
�  Electronic control Failure  
�  Sensor failure  
�  Solenoid valve failure  
�  Gear Failure  
�  Brake discs status  
�  Diagnostic history  
�  Engine Failure�  

  �
 

 

2.3. SG-850 main design requirements 
�
�  Ratio kW/GVW (Engine power/ vehicle weight) = 17.8 kW/Tm  �  Steering maneuver t<35seg 

�  Top speed: 70Km/h (2300 engine rpm) 

�  Sustained (no time limit) low speed < 4Km/h �
�  Acceleration (dry level hard surface)�

�  0-30Km/h �  8seg 
�  0-60Km/h �  27seg 

�  Braking�
�  Service Brake: 

-  60 to 0Km/h at 0,5g deceleration (average)�
�

-  20 consecutive stops at 1 minute intervals from 56Km/h to 
28Km/h at 0,3g deceleration� �  “Firing” maneuver t<40seg�

-  Hold vehicle on 60% uphill or downhill in drive position (1min)�
�  Parking Brake:�

-  Hold vehicle on 60% uphill or downhill with engine running or 
stopped (5min)�

�  60% slope maneuvering�
�  The vehicle shall be capable of start-up on a 60% slope without 

rollback�
�  30% side to side inclination 

�  The vehicle shall be capable to start-up, and stay at idle speed on a 
30% side slop during 5 minutes without any failure signal� �

�
�
 
3. TEST BENCH PERFORMANCE DATA 
 
3.1. Test bench description 
 

A special test bench was built in order to simulate the vehicle operation with  
the following characteristics:  
�  MTU 199 TE 20 diesel engine 535kW at 2300rpm (vehicle engine) 
�  Inertia discs on transmission outputs for vehicle mass simulation of 32Tm 
�  Electric machines on transmission outputs for load simulation 530kW  

each 
�  Input torque/speed sensor 
�  Output torque/speed sensor 
�  Pressure sensors, temperature sensors, flow meters etc.�

 

Figure 1.  SG-850 

Figure 2.  Test bench 



3.2. Tests 
 
Different tests were made with different 
configurations: Efficiency tests with and without load 
(spin losses), endurance and performance tests. 
 
3.2.1. Efficiency tests 
 
�  No load tests 
 
Spin losses tests: Transmissions were run with 
different configurations in order to investigate the 
main contributors to the spin losses. The 
transmission has different spin losses generators but 
the idea was to analyze them to optimize the final 
design for the SG-850 series production. Different 
graphs with different configurations are presented 
including the final graph for the SG-850 transmission 
as well as for the SG-450 transmission. 

 

 
SG-850 final design reduces the churning losses by gear (driven pumps gears) and sump design, also optimize 
pressure losses on the circuit, and reduce drag losses on the service oil cooled brakes. The maximum loss is on 
gear 32 and is 70kW witch represents an 11% of 635kW (maximum power). But loss in gear 26 is 42kW which is 
a 6,6% of max. power. Average spin losses is a 6,3% of maximum power. Results shown that transmission 
efficiency is almost equal in all gears due the compensation between spin losses (better in low gears) and gear 
losses (better in high gears) as presented in the following section. 
 
SG-450 improves mainly its spin losses on the last gears due the reduction of drag losses caused by a specific 
set of friction discs which freely rotate on the high gears. 
 
Also improvements on hydraulic circuit conception and pump flow optimization contribute to reduce no load 
losses. The maximum loss is also in Gear 32 and is 23kW a 7,6% of maximum power, but this time the average 
spin losses is a 5% of maximum power. 
 
 
�  Load Tests 
 

�  Propulsion: 
 

Different loads with different input and output speeds were tested. This time the objective was to analyze the on 
load power loss main contributors: gears and bearings. As expected, due to transmission kinematics (gear train) 
the highest gear the better load efficiency. 
 
A table with the measured data and the SG-850 transmission efficiency is presented. The efficiency is calculated 
with max. power of 535kW which is the maximum available power at the test bench. Please note that for values 
below 535kW the efficiency data has not interest. This value can not be obtained up to Gear 12 due the traction 
limit. Therefore the most important range of transmission efficiency is from Gear 13 to Gear 32 were full engine 
power in straight line could theoretically be obtained. 
 

Gear 
Engine 
speed 
(rpm) 

Engine 
torque 
(Nm) 

Vehicle 
speed 
(km/h) 

Right 
output 
load 
(Nm) 

Left 
output 
load 
(Nm) 

Engine 
Power 
(kw) 

Output 
Power 
(kw) 

TOTAL 
Power 
loss 
(kw) 

SG-850 
spin 

losses 
(kW) 

SG-850 
Efficiency 

SG-450 
Efficiency 

1 1522 929 2 7644 7403 136 118 30 - -  

13 2167 2349 10 6166 6369 533 451 82 32 85% 87% 

21 2276 2241 24 2934 2918 534 479 55 35 90% 92% 

26 2249 2268 38 1798 1811 534 471 63 42 88% 92% 

32 2300 2230 70 931 933 537 457 81 71 85% 91% 

 

Figure 3.  Spin losses 

Table 1.  Load Tests 



 
 
The real efficiency of the transmission should be calculated using the design max. input power of 635kW and will 
yield an estimated 2% increase over the reported values calculated with a input power of 535kW. 
 
SG-450 efficiency is also improved because of the reduction in the gear train connecting the engine to the 
planetary modules. 
 

�  Steering: 
 
From the steering point of view the most interesting 
condition to be analyzed is when required steering 
power is maximum. This value is obtained when 
maximum output torque/speed steering is 
demanded on a static test, what on a vehicle can be 
compared with a pivot maneuver. 
 
Figure 4  shows the results obtained on the test 
bench test. Also steering efficiency analysis is 
presented in order to discriminate the pure steering 
efficiency. 
 
Steering net power is, 329kW less neutral spin 
losses (33kW), and output power is 270kW. That 
yields a 0.91 efficiency including the losses caused 
by the driving gear trains and the output 
differentials. 
 

 

 
3.2.2. Endurance tests 
�
Endurance tests on test bench were done in order to investigate and analyze the life of several components. 
10.000Km with each of the first two prototypes were run in a special simulation program testing propulsion, 
steering and braking. The test bench simulates different on and off-road terrains with different slopes and 
coefficients of traction. 
 
A control program of inspections after transmission disassembly was established. During those controls 
measurements of components including dimensions, wear, surface status, hardness and cracks were done. 
 
The principal objective was to validate the results of a reliability pre-analysis which estimate that due to the 
absence of hydrostatic devices and because the main components were pure mechanical the maintenance and 
reliability of the transmission were expected to match or improve the design requirements. 
 
 
3.2.3. Performance tests 
 
Several tests to optimize transmission 
performance were done. Due the likeness of 
the test bench with the vehicle control 
software optimization, hydraulic control 
optimization comparing performances on 
different situation were done. Steering time 
response optimization via hydraulic system 
is showed in the Figure 5  with the 
comparison of the piston fill with two 
different configurations. 
 
 
 

Figure 5.  Steering piston fill time comparison 

Figure 4.  Steering load test 



4. IN-VEHICLE TESTING 
 
4.1. Vehicle description 
  
The SG-850 was configured as a drop-
in transmission for installation in the 
Pizarro IFV. Another prototype was 
introduced on an existing vehicle 
modified for its integration. The vehicle 
was ballasted up to 30 Tm. Figure 6  
shows the principal dimension and 
shape of the vehicle. 
 
 
4.2. Endurance tests 
 
5.000Km road/off-road were run and due to its prototype conception a thorough inspection program was 
established. The transmission was disassembled at regular intervals: 500Km-2000Km-3000Km-4000Km-5000Km. 
As in the test bench endurance test control, measurements of the components were done. The results were 
closed to the test bench data except for braking and steering. Braking did present less wear due to its real co-
operation on a tracked vehicle. On the other hand steering operation was ten times higher in vehicle. The steering 
components exhibit more wear than test bench test but in spite of it the steering transmission expected life was in 
a very good level. 
 
The Figure 7  shows an example of 5km off-road running. 
 

 
 
 
 
 
The following table shows an example of 50km off-road running. Please note the time of steering in operation. 
 

 0-5 km 5-10 km 10-15 km 15-20 km 20-25 km 25-30 km 30-35 km 35-40 km 40-45 km 45-50 km Total 

Average vehicle speed (Km/h) 38 39 43 47 44 48 46 49 48 49 45 

Average engine power (Kw) 334 304 334 351 336 367 385 373 374 382 354 

Total time (min) 6,6 7,6 6,9 6,4 6,9 6,2 6,5 6,2 6,2 6,1 66 

Steering time (min) 5,1 5,9 5,8 5,6 5,5 5,2 5,3 5,1 5,2 5,2 54 

 
 
 
 
 
 

Figure 7 . 5km running of road 

Table 2 . 50km running off-road 

Figure 8 . Control block diagram 

Figure 6.  Pizarro IFV 



4.2. Performance Tests 
 
A pure acceleration test from 0 to 60Km/h allows comparing different software control routines, shift control points 
and shift change control routines. 
 
A transmission control block diagram is showed in Figure 8 . In the highest level several inputs as throttle position, 
steering wheel position, pedal brake, etc enter into the highest level block witch decides de control routine. Once 
the control routine is chosen, the next block decides the shift control point (engine rpm) and finally the final block 
decides the type of shift: Power on up-shift, Power on down-shift, etc. 
 
During a start-up with a torque converter the amount of power lost by torque converter slipping is at least 6 times 
higher than in friction clutch. The amount of power lost in a gear shift is a function of the square of the ratio step. 
The ratio in a state of the art transmission could be 1,45 and in the SG-850 is 1,10 so the energy lost differential is 
a 60% less in a 1,10 step.  
 
The CVT like performance of the SG-850 permits an almost constant maximum power delivery by the engine. 
Figure 9  shows a shift point program which does not optimize engine operation and makes a poor result due to 
the loss of power when the engine is not a its optimum point. Compare with Figure 10  where the result is 7 
seconds better due the engine operation point. The next efforts, Figure 11  and Figure12  are conducted to reduce 
the losses during the shift, making power on shift or reducing power off shift time. 
 

 
 
 
 

�
�

 
 
 
4.4. Steering Maneuvering 
 
The Figure 13  shows a maneuver where the vehicle response to the steering system is tested. The “Steer” line is 
the position of the vehicle steering wheel. It can be seen how the steering speed follows the steering wheel. Also 
it can be appreciated that once the maximum vehicle speed is obtained, it is never decreased. Please see section 
2.3 

Figure 9 . Acceleration time: 37seg Figure 10.  Acceleration time: 30seg 

Figure 11 . Acceleration time: 28seg Figure 12 . Acceleration time: 27seg 



 
 
 
 
4.5. Slope 60% 
 
Climb, stop and start-up on the 60% slope are another test done with excellent results. The power needed to 
start-up is also very low due (160kW at 1200engine rpm) the very low ratio so the heat to be dissipated in the 
clutch is also low and permits a very fine control and of course no roll back. 
 
Figure 14 shows that throttle (engine power) and pedal brake are applied at the same time. Upon start of 
acceleration and once the driver feels that the movement of the vehicle is going to be immediately initiated he 
releases the pedal brake start the movement smoothly and without rollback. 

 
4.6. Pivot 
 
Figure 5  shows a maximum speed heavy off-road pivot turn. 
Several pivot maneuvers were made to discover the worst 
condition (more engine power need). This terrain was selected 
for the test because the tracks had great resistance due to the 
friction coefficient but also due to lateral track resistance 
(shoveling). 
 
 
 
 
 
5. CONCLUSIONS 
 
�  The very low ratio and the gear shift step allow no torque converter utilization. This gives better efficiency 

during off-road operation and better acceleration during start-up.  
 
�  A very high steering efficiency is obtained compare to hydrostatic devices. This also improves the off-road 

operation. A mechanical transmission that develops the same performance in steering time response and 
driveability but with an efficiency gain reducing the high amount of power lost caused by hydrostatic 
transmissions or hydrodynamics couplings and delivering more power to the tracks. 

 
�  A very highly efficient power pack is achieved due the CVT like concept of a 32 speed automatic transmission 

maintains the engine at its optimum operation point. This optimization improves the whole power pack 
efficiency in a 15-20%. 

 
�  The mechanical concept of power transmission leads to a high reduction of the power to weight ratio as 

exhibited by the SG-450. 

Figure 13 . Steering maneuver Figure 14.  Slope of 60% 

Figure 15.  Pivot 


