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ABSTRACT 

A Milwaukee School of Engineering (MSOE) student senior design project chose to construct a hydrostatic 
drivetrain for an off-road vehicle competition. The vehicle uses a low power engine and the hydrostatic transmission 
system allows for high control of displacement and thus high power efficiency, vehicle performance, programmable driving 
modes and high torque output. The design, theoretical calculations and partial construction occurred in 2012-13 academic 
year and the finishing construction continues in the 2013-14 academic year.  

 

INTRODUCTION 

The SAE Baja series is an intercollegiate competition in which over 300 teams participate in regional competitions 
that simulate real-world engineering design projects and their related challenges. Engineering students are tasked to 

design and build an off-road vehicle that will survive the severe punishment of rough terrain. Students must function 
as a team to not only design, build, test, promote, and race a vehicle within the limits of the rules, but to also generate 
financial support for their project and manage their educational priorities.  

 
A vehicle’s performance is based on several grading criteria from both dynamic and static events. Dynamic driving 

events are acceleration, towing, rock crawl and endurance. Static events are design evaluation, cost report, and a 
presentation. In order to compete, SAE requires passing a technical inspection that has constraints on every part of the 
vehicle [1]. Each Baja team must use a stock 10 horsepower (HP) Briggs & Stratton engine for their vehicle.  

 
Milwaukee School of Engineering’s 2012-2013 Baja team designed and built a Baja vehicle which exclusively 

integrated a fluid power drivetrain. The project not only served as a competition event for MSOE engineering students, but 
also as the senior design capstone project for 9 mechanical engineering seniors. Furthermore, two of these students wrote 
their senior thesis for a dual-degree program offered through MSOE and Fachhochschule Lübeck (Germany).   
 

The 2012-13 team did not make it to competition. However, the 2013-14 Baja team will be following the hydrostatic 
transmission design and in April 2014 will be competing in Baja SAE UTEP at El Paso, Texas. The team is constructing 
the Baja vehicle and has future plans of testing and tuning by attending Michigan Tech’s winter Baja in February 22nd, 
2014. 
 

MAIN SECTION 

98% of the competitive teams use a continuously variable transmission (CVT), gearbox or combination of the two 
for the drivetrain. A CVT can change gear ratios smoothly while moving without affecting the engine speed, however the 
torque is limited to the strength of the chain or belt between the pulleys. A gearbox is a simple construction, but there is not 
a lot of flexibility within the system. A hydrostatic transmission can have high torque at low speeds and reverse without 
additional machinery, yet the system is typically heavier than the other options and have complicated programming.   

 
The MSOE team decided to use a hybrid drivetrain that uses mechanical gearing along with a hydrostatic system.   

The gears are used to keep the hydrostatic system in the optimum working region with regard to the rotation of the pump 
and motor. Attempting a hydrostatic drivetrain is innovative and challenging for the competition. The biggest advantage of 
a hydrostatic drive train is its flexibility within the competition. The 10 horsepower engine is able to run at optimal torque 
level at all times (3800 rpm for the Baja engine). Vehicle speed and power are two qualities that make up most of the 
scoring for the baja competition. The hydrostatic transmission can be programmed to several drive modes to optimize for 
the events.  



The package offered by Poclain Hydraulics includes a variable-displacement axial-piston pump, fixed-
displacement axial-piston high speed motor, controller, software, and various sensors. The package includes an electric-
proportional servo control system built directly onto the pump, an electronic control unit (ECU) to control the pump based 
on various inputs, and the software required to program the ECU for our application. 
 
The planned system has been shown in Figure 1, the hydraulic pump, and motor 

 

 
Figure 1: Proposed Hydraulic Circuit 

 

Vehicle Dynamic Calculations 

The following section is the theoretical calculations of the dynamic characteristics of the Baja vehicle.  
 
Using Equation 1 to Equation 13 (shown in the appendix), basic vehicle performance can be evaluated using a 

spread sheet. Assumptions made during these calculations include the lack of aerodynamic drag, lack of inefficiency 
losses, a horizontal driving surface, and no slip at the wheels. The engine power and torque were also interpolated from 
the Briggs and Stratton torque curve, which itself assumes an engine operating at peak performance. Using the mentioned 
equations, a spreadsheet was used to organize data for hydraulic system and the resultant vehicle characteristics.  

 
Table 1 lists the assumed values used in the various calculations. 

 

Table 1: Table of general assumptions and values used for the vehicle performance calculations. 

Summary of Assumptions Made for Performance Calculations 

Vehicle Total Weight (Including Driver) 750LBS 
Tire Diameter 25 IN 
Engine Speed 3800 RPM 
Engine Torque 13.5 FT-LB 
Engine Power 9.75 HP 
Pump Speed 2900 RPM 

Pump Efficiency 86% 
1st Stage Reduction Ratio 1.3:1 
2nd Stage Reduction Ratio 7:1 

Coefficient of Rolling Resistance 0.04 
 

The following plots were derived to show the general performance of the vehicle based on drivetrain performance 
calculations.  Shown in Figure 2 to Figure 5, these plots graph curves for distance, vehicle speed, and vehicle 
accelerations with respect to time. 

 
 
 
 
 
 
 



 
                       Figure 2: Distance Over Time                                                                                                  Figure 3: MPH vs. Time 

 

 
 

  

  

                          

  

 

                           Figure 4: Acceleration vs. Time                                                     Figure 5: Output Shaft Characteristics Based Upon System Pressure 

Quantitatively, this correlates to a maximum engine torque of 13.5 ft-lbs delivered to the ground with a peak torque 
of 435 ft-lbs. The vehicle will achieve a maximum velocity of 30 MPH and reach 100 feet in just over 4 seconds. As a 
result, the vehicle will see significant performance advantages in the towing and rock crawl events, although the 
characteristic heaviness of a hydraulic drivetrain will make the vehicle an underdog in the endurance event. 

 

CONCLUSION  

Hydraulic drivetrains for a lower power engines do have many benefits. Through theoretical calculations, the main 
focus of the hydrostatic transmission are vehicles that require high amounts of torque, like a small tractor. A hydrostatic 
design could benefit instead of moving up engine size to meet the torque requirements. That being said, the hydrostatic 
design greatly impedes the speed and adds weight.  

The future of hydrostatics in the Baja competition is uncertain. Theoretically, the vehicle was placed near the 50th 
percentile for the acceleration run base off previous years’ results, but no comparison is available for torque. Hydrostatic 
transmissions are very complex in every aspect, with limited availability of knowledge through a mechanical engineering 
degree, the choice requires a large amount of independent research. The Baja vehicle received continuous support from 
several resources for assistance in hydraulics. Without Poclain Hydraulics and the FPI, the hydrostatic transmission may 
not have been chosen.  
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DEFINITIONS, ACRONYMS, ABBREVIATIONS 

FPI - Fluid Power Institute  
FHL - Fachhochschule Lübeck  
MSOE - Milwaukee School of Engineerng 
SAE - Society of Automotive Engineers  
 

Term: Definition for the term 



 

APPENDIX 

 

Equation 1 is an equation for the max flow rate of the pump. The units are in gallons per minute (gpm) as opposed to 
cubed meters per second (m3/s). The input horse power is from the Briggs and Stratton engine through a 1.3:1 gear ratio. 
1714 is a constant for using US units.  

1714

P

Input T

MAX

Hp x x
Q

η
=  

Equation 1 

 
where    QMAX      = max flow rate, gpm 
 HpInput  = input horse power, hp 
              ηT              = efficiency of the pump 
               P           = pressure, PSI 
 

Equation 2 is calculating the displacement of the pump, DP, with the desired flow rate and efficiency of the pump. 
The efficiency of the pump is 86% [21]. 231 is a US unit constant for in3/gallons.  

231
P

P

Qx
D =

η
 

Equation 2 

 

where   DP      = displacement of pump in3/rev 
Q       = flow rate, gpm  

              ηP           = efficiency of the pump 
               231   = in3/gallons 
 

Equation 3 determines the motor speed from QP which flows into the input of the motor. The motor has a fixed 
displacement of 1.28 in3/rev [22]. 
 

231P
M

M

Q x
n

D
=  

Equation 3 

 
where      nM = speed of motor 

                  DM = displacement of motor,  

                 Qp    = pump flow rate into the motor, gpm   

Equation 4 calculates the torque for the motor. DM is a fixed displacement and (1/12) is a unit conversion of inches 
to feet.  

                

 
 
 

where     TM = Motor Torque, ft-Ibs 
                  DM = Motor Displacement, in3/rev 
           (1/12)  =  unit conversion, ft/in 
   

Equation 5 is calculating the torque output to the wheels. The Baja vehicle has a 7:1 gear ratio making the output 
shaft gear ratio 7.  

( )( )
out M out

T T GR=  Equation 5 

 
where      Tout = output torque  
                   GRout = output shaft gear ratio 
                           

Using the torque output calculated in Equation 5 and the tire diameter,DT, the ground force is calculated in 
Equation 6. The Baja team chose 25 inch diameter wheels.  

1
( )*( )

2 12

M
M

PxD
T =

π  

Equation 4 
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Equation 6 

 

 
where     FG = ground force 
                 DT = tire diameter 
 

The motor speed calculated in Equation 7 is divided by the output shaft gear ratio to solve for the output speed of 
the driveshaft.  

M
out

out

n
n

GR
=  

Equation 7 

 
where     nout = output shaft speed, rev/s 
              GRout = output shaft gear ratio 

 
 
Equation 8 takes the output shaft speed and uses the circumference of the wheels to calculate the Baja vehicle 

speed. The circumference of the wheels for the Baja vehicle is 6.545 feet.  

( )( ( ))

60

out wn C ft
V =  

Equation 8 

 

where   V = vehicle speed, ft/s 
             Cw = circumference of wheels, ft 
 
 
 
 
 
 
Equation 9 converts the vehicle speed feet per second, ft/s, to miles per hour, mph.  
           

 

Equation 9 

 
 

 
 
The acceleration can be calculated by Equation 10 by using FG from Equation 6, the mass of the Baja vehicle, and 

rolling resistance. The mass of vehicle is an overestimated number of 750 IbM. The rolling resistance is a product of the 
rolling resistance coefficient and mass. Fr for the vehicle is 30 IbF.  

( ) ( )G r
F F

A
M M

= −  

Equation 10 

 

 

where  A = Acceleration of vehicle 
               Fr = rolling resistance 
              M = mass of vehicle 
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A

∆
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Equation 11 

 

where   Δt = time 



Equation 12 calculates the total distance traveled in relationship with the Baja’s starting velocity, acceleration and 
change in time.  

2

0 0, /
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ft s
D D V t A t= + ∆ + ∆

 

                      Equation 12 

 

 

 

where D = distance traveled 
             D0 = starting distance 
             V0 = starting velocity  
 
 Equation 13 calculates the total time. 
 

total
t t t= + ∆  Equation 13 

 
where ttotal = total time  

 

 
 


